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ABSTRACT 
Engineered TALENs (Transcription activator-like effector nucleases) 
and CRISPR/Cas (clustered regularly interspaced short palindromic repeats/ 
CRISPR-associated proteins) as genetic toolbox have been widely used in 
basic and applied biological researches. Here we use TALENs and 
CRISPR/Cas9 to target miRNA genes and Argonaute (AGO) genes for gene 
knockouts and study their functions in rice. We successfully knocked out 5 
miRNA genes and recovered phenotypic mutant plants using TALENs. The 
efficient assembling of TALENs constructs and their versatility provided us a 
very useful toolbox to study miRNA gene functions. In addition, we used 
CRISPR/Cas9 system to target AGO genes in rice. We successfully 
generated single-gene knockouts for all 19 AGO genes and several 
multi-gene mutants of gene clades through multiplex targeting of CRISPR 
system in rice. Some mutants were characterized at molecular and 
morphological levels. The results demonstrate TALEN and CRISPR/Cas9 
mediated gene editing are robust genetic tools that enable functional 
genomics. 
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CHAPTER 1. INTRODUCTION: GENE EDITING WITH TALENS AND 
CRISPR/CAS IN RICE 
(Modified from a manuscript published as Bi, H. and Yang, B. 2017 Progress in Molecular Biology 
and Translational Science, 149:81-98.) 
 
 
 
 
Abstract 
Engineered, site-specific nucleases induce double-stranded DNA breaks and 
break repair processes enable genome editing in a plethora of eukaryotic genomes. 
TALENs (transcription activator-like effector nucleases) and CRISPR/Cas (clustered 
regularly interspaced short palindromic repeats and CRISPR-associated proteins) are 
potent biotechnological tools used for genome editing. In rice, species-tailored editing 
tools have proven to be efficient and easy to use. Both tools are capable of generating 
DNA double-strand breaks (DSBs) in vivo and such breaks can be repaired either by 
error-prone NHEJ (non-homologous end joining) that leads to nucleotide insertions or 
deletions or by HDR (homology-directed repair) if an appropriate exogenous DNA 
template is provided. NHEJ repair often results in gene knockouts, while HDR results 
in precise nucleotide sequence or gene replacement. In this chapter, we revisit the 
molecular mechanisms underlying DSB repair in eukaryotes and review the TALEN 
and CRISPR technologies (CRISPR/Cas9, CRISPR/Cpf1, and Base Editor) developed 
and utilized for genome editing by scientists in the rice community. 
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1.1 Introduction 
Rice (Oryza sativa), a crop that provides staple food for more than half of the 
world’s population, has now been serving as an excellent model plant for functional 
genomic studies. This is due to its richness of genetic resources, genomic synteny 
with other cereals, amenable transformability, and a rich history of extensive research 
efforts. Rice has also provided a model for establishing technological platforms and 
testing strategies for genetic improvements to itself and to other crops (Bowers et al., 
2005; Yang et al., 2013). For the past decades, we have witnessed tremendous 
progress in gene discovery and genomic analysis of agronomically important traits 
and biological processes in rice, largely thanks to the availability of genetic resources 
and tools (Jiang et al., 2012; Lo et al., 2016). The complex genetic makeup of rice, as 
with other crop species, allows continued progress in increasing yields, fending off 
biotic and abiotic stresses and improving nutritional quality—the ultimate goals in 
breeding elite rice. This genetic diversity allows novel and improved genetic traits 
fueled by new discoveries and synthetic biology. Biotechnologies, especially those 
related to altering the genetic makeup of rice varieties, have played and will continue 
to play an important role not only in the basic understanding of rice biology but also 
in the creation and introgression of novel genetic elements for improved agronomic 
traits (Jiang et al., 2012). Knowledge obtained from rice as a model system can also 
be extrapolated to other cereal crops, in particular, and to all other crop plants, in 
general. 
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Recent advances in genome-editing technology allow precise, targeted 
genomic changes, including whole-gene insertion or deletion, stacking or pyramiding 
of genes, and precise modification of genetic elements that allow scientists to 
introduce, change or optimize genetic traits of interest. Several classes of 
edit-enabling technologies have been developed in the past decades, including zinc 
finger nucleases, TAL effector nucleases (TALENs) and most recently clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 
proteins (CRISPR/Cas) (Weeks et al., 2016). The diverse genetic toolboxes, 
especially TALENs and CRISPR, represent the state-of-the-art genome-editing 
technologies and hold immense promise for defining the genetic and molecular basis 
for valuable traits, as well as for the introgression of valuable genes/traits into 
cultivated varieties in a timely and economically sound manner. The aims of this 
chapter are, therefore, to provide a clear understanding of the molecular mechanisms 
involved in TALENs and CRISPR/Cas9 gene editing and to highlight the research 
endeavors in the plant science community for their utilization in rice improvement. 
1.2 Creation of DNA Double-Strand Breaks to Allow Genome Editing 
Preselected and site-specific DNA double-strand breaks (DSBs) are a 
prerequisite for effective genome editing in eukaryotes. Present methods for creating 
DSBs utilize engineered nucleases and rely on subsequent DNA repair mechanisms 
that are shared by all eukaryotic organisms. Repair to DSBs through error-prone 
nonhomologous end joining (NHEJ) DNA repair is the predominant mechanism 
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utilized in cells and is the primary means for creating gene knockouts. 
Homology-directed repair (HDR)-mediated gene replacement or insertion is 
intrinsically less efficient and is technically more challenging—but is of potentially 
great significance for crop improvement. Indeed, a better understanding of the 
molecular mechanisms underlying DSB repair and the HDR process are important 
goals for designing and achieving more efficient gene replacement in plants (Puchta, 
2004). 
DNA damage such as DSBs triggers a series of cellular processes including 
DNA damage response and cell cycle checkpoints, eventually leading to DNA 
damage repair (Lieber, 2010). Repair to DSBs through NHEJ involves the binding of 
DSB ends by the DNA-bound Ku proteins, recruiting and forming a DNA–protein 
kinase complex, end processing, and eventually NHEJ facilitated by multiple enzyme 
complexes such as the DNA ligation complex (Cottarel et al., 2013; Gottlieb and 
Jackson, 1993). NHEJ occurs at any stage of cell development and during any phase 
of cell division in higher eukaryotes and leads to low fidelity DNA repair (Mladenov 
and Iliakis, 2011). Such repair often leads to limited or extensive addition or deletion 
of nucleotides and, thus, DNA sequence alterations at the rejoined sites— the desired 
outcome when one wishes to create gene knockouts. 
In contrast, HDR can occur at a DSB site in the presence of homologous DNA 
template, often leading to a faithful damage repair. The template for HDR could be a 
DNA fragment on a homologous chromosome or on the sister chromatid generated 
after DNA replication in higher eukaryotes. As such, the latter type of HDR occurs 
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mainly during the S and G2 phases of the cell cycle when fully formed sister 
chromatids are available (Mladenov and Iliakis, 2011). In the repair process, each 5' 
end of the DSB is resected, resulting in a 3’ extended region homologous to the donor 
DNA template and subsequent D-loop formation between both. With the free 3’ end 
of the DSB as a primer and the matching strand of donor DNA as template, DNA 
polymerases extend the length of resected DNA strand followed by the ligation of the 
DNA ends and generation of a Holliday junction and a heteroduplex molecule. Finally, 
the resolution of Holliday junctions results in either crossover or noncrossover 
products (Knoll et al., 2014). Importantly for crop improvement purposes, the 
homologous DNA template can be an exogenous DNA strand containing a desired 
genetic change that can be supplied along with the DSB-causing reagents, such as 
TALENs or CRISPR/Cas9, for the purpose of gene replacement. 
1.3 Use of TALENs for Gene Editing in Rice 
TAL effectors (TALEs) from bacteria of the Xanthomonas genus represent the 
largest type III effector proteins and play an important role in the bacterial 
pathogenesis of host plants (Boch and Bonas, 2010; White et al., 2009). TALEs, once 
internalized into the host cell milieu, function to transcriptionally activate host gene 
expression by binding to the promoters of target genes in a sequence-specific manner 
(Boch et al., 2009; Moscou and Bogdanove, 2009). The central repeats of usually 34 
amino acids form a super solenoid wrapping around the double helix of target DNA 
with the two amino acids at the positions 12 and 13 determining the specificities of 
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each repeat corresponding to a particular nucleotide in the target DNA sequence 
(Deng et al., 2012; Mak et al., 2012). The so-called DNA recognition code is 
manifested as one repeat unit of TALE binding to one nucleotide of target DNA with 
each type of the various repeats preferentially binding to one of the four different 
types of nucleotide (A, G, C, or T). The discovery of the so-called DNA recognition 
code made possible the engineering of DNA-binding proteins based on preselected 
DNA sequences by using the four prominent repeats each recognizing to one of the 
four different nucleotides (Li et al., 2011b; Zhang et al., 2011). Thus, assembly of this 
set of four different repeat elements could be designed to allow precise matching to 
any given DNA sequence from any given organism. As a result, such custom 
engineered DNA-binding proteins enabled the creation of biotechnological tools for 
genome editing and gene regulation (Bogdanove and Voytas, 2011). The predominant 
use of TAL DNA-binding domains is to engineer programmable TALENs for 
induction of DSBs that are exploitable for site-specific genome editing in eukaryotes 
(Doyle et al., 2013; Wright et al., 2014). TALENs are produced by fusing TALE 
DNA-binding domains (either full-length TALEs or only central repeats) and the FokI 
nuclease cleavage domain (Christian et al., 2010; Li et al., 2011a). TALENs function 
in pairs to make DSBs as one binds to one DNA strand and the other binds to the 
adjacent complementary strand with a spacer of about 20 bp wherein the dimerizing 
FokI domains introduce a DSB. Each TALEN usually defines a specificity of 16–24 
bp sequence dependent on the preference of users, and the paired TALENs achieve a 
combined specificity of 32–48 bp at the target site (Figure 1-1A).  
7 
 
 
Figure 1-1 Engineered nucleases predominantly used for rice genome editing. 
Nucleases form a complex with the target genomic dsDNA to carry out their catalytic 
activity. (A) Paired TALENs bind to the opposite strands in a way to enable the 
dimerizing FokI DNA cleavage domains to cause DSBs. (B) sgRNA guides Cas9 to the 
user-chosen site to induce a blunt DSB 3-bp upstream of the PAM sequence. (C) 
crRNA guides Cpf1 to the genomic locus to introduce a staggered cleavage 18–23 nt 
downstream of the 5’ located PAM sequence. (D) crRNA-guided Cas9–cytidine 
deaminase converts cytidine to uracil, resulting in the C–G conversion to T–A within 
the window of five nucleotides 13 bp upstream of the PAM site at the targeted 
genomic site. 
 
The first step of TALEN utilization is to custom engineer a TAL repeat array. 
Various repeat assembly methods have been developed based on the modular nature 
of four repeats (Cermak et al., 2015; Li et al., 2011b; Reyon et al., 2012; Sakuma et 
al., 2013; Schmid-Burgk et al., 2015). The majority of TALEN applications in rice 
and other plant species as well have focused on targeted mutagenesis (Wright et al., 
2014). The first TALEN-modified rice was made by mutating the OsSWEET14 
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promoter to generate heritable, disease-resistant lines (Li et al., 2012). In that work, 
and as a proof-of-concept application with TALEN technology, two pairs of TALENs, 
including one TALEN that was derived from naturally occurring TALE—AvrXa7, 
were engineered to target the promoter element in the sucrose efflux transporter 
OsSWEET14 gene. The so-called effector binding element (EBE) bound by the 
natural TALEs (AvrXa7 and PthXo3) from Xanthomonas oryzae pv. oryzae (Xoo), 
causal pathogen of bacterial blight of rice (Antony et al., 2010). High efficiencies of 
mutagenesis by the two pairs of TALENs were achieved in T0 generation plants; 
inheritability of mutations and TALEN transgene segregation were also demonstrated 
in the progeny plants. The mutant plants homozygous for the EBE mutations were 
highly resistant to Xoo strains that depended on AvrXa7 to induce 
OsSWEET14-associated bacterial blight (Li et al., 2012). Similarly, the promoter 
EBEs in OsSWEET14 targeted by TalC and Tal5, two TALEs from the African Xoo 
strains, were subjected to targeted mutagenesis with engineered TALENs. The 
resulting mutations in the respective EBEs at high frequencies provided strong blight 
resistance (Blanvillain-Baufume et al., 2017). 
TALENs were also used by several other groups for targeted mutagenesis in 
rice. Examples include mutagenizing lipoxygenase LOX3, resulting in seed storage 
improvement (Ma et al., 2015a); knockout of OsBADH2 (betaine aldehyde 
dehydrogenase 2), leading to increased amounts of the desirable fragrant compound, 
2-acetyl-1-pyrroline in grain (Shan et al., 2015). Additionally, TALENs were used to 
validate and expand prior studies on DSB-induced small RNA (diRNA) biogenesis 
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and the role of these molecules in DSB repair (Miki et al., 2017). In this study, 
engineered TALENs were used to introduce DSBs in transgenes and endogenous 
genes, resulting in findings that DSB and highly transcribed mRNAs are needed for 
diRNA production and, importantly, that abundant diRNAs are not essential for DSB 
repair. Finally, TALENs have been demonstrated to facilitate the HDR-mediated gene 
editing or gene replacement in rice (Li et al., 2016d). 
1.4 Use of CRISPR/Cas9 for Gene Editing in Rice 
CRISPR/Cas9 is a ribonucleoprotein complex consisting of a single effector 
protein, Cas9, and a CRISPR RNA. CRISPR/Cas9 is an adaptive immune system that 
is widespread in bacteria and archaea and is used to protect hosts from infection by 
invading viruses, phages, and plasmids (Wiedenheft et al., 2012). The CRISPR locus 
was first identified and reported as an array of 29-bp tandem repeats interspaced with 
32 bp spacer sequences of DNA in Escherichia coli in 1987 (Ishino et al., 1987). 
Later, Mojica et al. reported their discovery of structurally similar direct repeat 
sequences of 24–40 bp in various physiologically and phylogenetically distant 
bacteria and archaea. They found that prokaryotes from the same phylogenetic group 
contained highly conserved repeats, but unique 20–58 bp long spacer sequences 
(Mojica et al., 2000; Mojica et al., 1995). In 2002, Jansen et al. performed in silico 
analysis on the sequenced genomes of archaea and bacteria and defined this type of 
repetitive sequences as CRISPR; they also identified the CRISPR-associated (cas) 
genes in close proximity to the CRISPR sequences (Jansen et al., 2002). It was not 
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until 2006 that the biological significance of the CRISPR/Cas system was 
hypothesized to play a role in the immunity of prokaryotes to virus infection 
(Makarova et al., 2006). This hypothesis was later validated by experimentation 
(Barrangou et al., 2007; Garneau et al., 2010; Marraffini and Sontheimer, 2008). 
The most significant breakthrough in CRISPR research came in 2012 with the 
work by Jinek et al. demonstrating in vitro DNA cleavage activity using recombinant 
Cas9 coupled with a single guide RNA (sgRNA) derived from the fusion of CRISPR 
RNA (crRNA) and trans-activating crRNA (tracrRNA) (Jinek et al., 2012). The 
simplified CRISPR/Cas9 system based on the Streptococcus pyogenes CRISPR locus 
consists of one effector component (SpCas9) and a sgRNA that contains a Cas9 
recognizable scaffold (~ 85 nucleotides) preceded with a 5’ end 20-nt sequence 
complementary to the target DNA sequence (Figure 1-1B). The potential of 
CRISPR/Cas9 for gene editing was later substantiated by two seminal works using 
human cultured cells (Cong et al., 2013; Mali et al., 2013). Several laboratories later 
in 2013 then demonstrated the feasibility of CRISPR/Cas9-mediated gene editing in 
plant cells and production of stable transgenic plants containing successfully edited 
genes (Jiang et al., 2013b; Li et al., 2013; Miao et al., 2013; Nekrasov et al., 2013; 
Shan et al., 2013; Upadhyay et al., 2013; Xie and Yang, 2013; Zhou et al., 2014). 
From that time forward, the number of publications describing the development and 
utilization of CRISPR/Cas9, its variants, and alternative systems for genome editing 
in plants has increased dramatically. 
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Rice, as no surprise, was among the first plants to be used to demonstrate the 
feasibility of CRISPR-mediated targeted mutagenesis (Feng et al., 2013; Jiang et al., 
2013b; Mao et al., 2013; Miao et al., 2013; Shan et al., 2013) and gene replacement 
(Li et al., 2016a; Sun et al., 2016). It also was used to optimize components of 
CRISPR/Cas9,(Mikami et al., 2015) and develop alternative CRISPR/Cas9 platforms 
(e.g., SpCas9 mutants containing relaxed PAM sequence requirements, SpCas9 
nickase, and SaCas9) (Hu et al., 2016; Kaya et al., 2016; Mikami et al., 2016). In 
these early uses of CRISPR/Cas9 for targeted mutagenesis, the delivery of Cas9 and 
guide RNA expression cassettes was achieved using Agrobacterium tumefaciens cells 
containing a single binary vector, while for gene replacement experiments template 
DNA and plasmid DNA carrying CRISPR/Cas9 and sgRNA constructs were 
delivered simultaneously into callus cells through bombardment with DNA-coated 
gold particles. Prior studies had demonstrated inefficient HDR-mediated gene 
replacement when Agrobacterium delivery of template DNA was utilized (Endo et al., 
2016b; Li et al., 2016d). This may be attributable to the low quantity of donor DNA 
available for DSB repair through HDR when the Agrobacterium-mediated 
transformation is used. Rice has also been used to demonstrate the feasibility of 
multiplex gene editing using multiple distinct guide RNAs that are capable of 
simultaneously forming ribonucleoprotein complexes with a common Cas9 protein 
within the same cell. The multiple sgRNAs can each be produced from a single 
polymerase III promoter (e.g., U6 or U3 promoter) or collectively be processed into 
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multiple individual sgRNAs from a single transcript transcribed from a single U6 or 
U3 promoter (Ma et al., 2015b; Xie et al., 2015; Zhou et al., 2014). 
CRISPR/Cas9 has been shown to be efficient in generating knockout of both 
alleles of a single rice gene or multiple genes—or deletion of a gene cluster from a 
genomic region—even in T0 generation plants (Minkenberg et al., 2017; Zhang et al., 
2014a; Zhou et al., 2014). Such robust capacities have enabled scientists to assign 
gene function, dissect complex networks, and incorporate naturally occurring genetic 
variations into elite rice varieties in a timely, cost-saving manner. For example, 
simple CRISPR gene knockout of OsSWEET13, a sucrose efflux transporter gene 
targeted by the TALE PthXa2 of X. oryzae to cause bacterial blight, resulted in plants 
that were completely resistant to the PthXo2-dependent Xoo strains—a resistance that 
is due to loss of function of the disease susceptibility gene (OsSWEET13) to Xoo 
pathogens (Zhou et al., 2015). CRISPR-modified rice lines have been used to reassess 
genes involved in rice yield (Li et al., 2016b; Xu et al., 2016), to identify individual 
gene function (Lee et al., 2016; Liu et al., 2016; Yamauchi et al., 2017; Yuan et al., 
2017), to drive grain quality improvement (Sun et al., 2017), and to accelerate hybrid 
rice breeding (Li et al., 2016c; Zhou et al., 2016). 
1.5 Use of CRISPR/Cpf1 for Gene Editing in Rice 
Despite the popularity of CRISPR/Cas9 as a tool for genome engineering and 
altered gene regulation, Cpf1 (CRISPR from Prevotella and Francisella 1—which 
belongs to the same class 2 CRISPR–Cas system as Cas9)(Schunder et al., 2013) has 
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emerged as an alternative, potentially promising, genome engineering tool (Carroll, 
2014; Komor et al., 2017; Zetsche et al., 2015). Cpf1 is similar to Cas9 as defined by 
their RuvC nuclease domains, but it differs from Cas9 in several ways, also as 
illustrated in Figure 1-1C (compare model in B vs model in C) (Shmakov et al., 
2017). First, Cpf1 does not have the second HNH nuclease domain of Cas9 that is 
capable of cleaving the second DNA strand in a target. Instead, the capacity for DSB 
may be attributable to a putative novel nuclease cleavage domain (Yamano et al., 
2016). Second, the CRISPR/Cpf1 system, unlike CRISPR/Cas9, lacks an obvious 
tracrRNA and uses a single crRNA. Third and most importantly, CRISPR/Cpf1 uses a 
5-TTTN-3’ PAM (protospace adjacent motif) located at the 5’ end of target (or 
protospace) sequence and cleaves the target strand at 23 nt and the nontarget strand at 
18 nt downstream of the PAM sequence, resulting in a staggered cut with two 5-nt 
overhangs. In contrast, Cas9 uses a 5’-NGG-3’ PAM sequence at the 3’ end of target 
and causes a blunt-end cut 3-nt upstream of PAM (Figure 1-1C) (Dong et al., 2016; 
Yamano et al., 2016). Given the aforementioned characteristics of CRISPR/Cas9, 
CRISPR/Cpf1 provides specific advantages over Cas9 (in addition to being an 
alternate approach to Cas9, in general). For example, Cpf1-induced mutagenic 
insertions/deletions (indels) are relatively large (vs 1-bp indels in the majority of 
Cas9-induced mutations) (Kim et al., 2017b). This attribute may be useful in 
functional analysis of regulatory DNA elements, noncoding (e.g., miRNA) genes, and 
is especially suitable for target sites in AT-rich regions. The staggered breakages by 
CRISPR/Cpf1 may also be more efficient for knocking of genetic elements in vivo. 
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Like Cas9 proteins, Cpf1 comes in different forms depending on the microbes 
from which they are derived, including FnCpf1 (from Francisella novicida), AsCpf1 
(Acidaminococcus sp.), and LbCpf1 (Lachnospiraceae bacterium). Each is associated 
with their own unique cognate crRNAs—crRNAs that are similar but not identical in 
structure and ribonucleic acid sequence (Zetsche et al., 2015). Initial success in the 
use of Cpf1 for targeted mutagenesis was demonstrated in human cultured cells, mice, 
plants, and in cyanobacteria (Endo et al., 2016a; Hu et al., 2017; Hur et al., 2016; Kim 
et al., 2017a; Kim et al., 2016; Kleinstiver et al., 2016; Tang et al., 2017; Ungerer and 
Pakrasi, 2016; Watkins-Chow et al., 2017; Xu et al., 2017; Zetsche et al., 2015). 
These examples represent just the beginning of realizing the full potential of this 
promising system. Zetsche et al. were the first to use the programmable Cpf1 systems 
for genome editing and first demonstrated the feasibility of targeted mutagenesis with 
AsCpf1 and LbCpf1 in human cells at frequencies comparable to SpCas9 (Zetsche et 
al., 2015). By targeting genes in fertilized mouse eggs by microinjecting crRNAs and 
the corresponding mRNAs encoding AsCpf1 and LbCpf1, Kim et al. succeeded in 
obtaining mutant founder mice at high frequencies and demonstrated germline 
transmission of mutant alleles (Kim et al., 2016).  
Rice, again as an excellent model, has been used by multiple groups to 
demonstrate the feasibility of developing CRISPR/Cpf1 systems for genome editing 
in plants. Targeted mutagenesis using CRISPR/Cpf1 in rice was demonstrated among 
those research groups at varying efficiencies; the difference was probably due to 
different expression levels of crRNA and Cpf1 genes and choice of the targets they 
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used (Endo et al., 2016a; Hu et al., 2017; Tang et al., 2017; Xu et al., 2017). For 
example, Xu et al. in the first publication describing the use of the CRISPR/Cpf1 in 
plants demonstrated the feasibility of targeted mutagenesis with LbCpf1. Two 
endogenous rice genes (OsPDS and OsBEL) were targeted using only crRNAs 
containing the pre-crRNA architectures—not the mature 19-nt crRNA architecture. 
The mutation rates ranged from 13.6% to 41.2% with higher rates achieved using the 
full-length repeat/spacer/full-length repeat crRNA architecture (pre-crRNA type II) 
than with using the full-length repeat/spacer crRNA architecture (pre-crRNA type I). 
As expected, in both cases, the resulting indels were multi-nucleotide mutations. The 
authors also provided evidence for the heritability of the mutations they obtained. In 
contrast, when the mature crRNA scaffold of CRISPR/FnCpf1 was used with tobacco 
and rice, mutations at even higher frequencies were detected at the target genomic loci. 
For example, > 60% rice callus lines were found to contain site-specific mutations; 
while the T0 transgenic plants bore mutations at even higher frequencies (up to 90%). 
Most recently, Tang et al. adopted the use of a Pol II promoter(Christensen 
and Quail, 1996) and a double-ribozyme system(Gao and Zhao, 2014) to express and 
mature the crRNAs, respectively, to drive the CRISPR/Cpf1 system in rice (Tang et 
al., 2017). In this crRNA expression cassette, the crRNA (the 19-nt scaffold and 
programmable 23-nt spacer) is sandwiched by the hammerhead ribozyme at the 5’ end 
and the hepatitis delta virus ribozyme at the 3’ end, and the chimeric ribozyme/crRNA 
sequences are preceded by the maize ubiquitin promoter. When rice codon-optimized 
Cpf1 (AsCpf1 or LbCpf1) was expressed using the same ubiquitin promoter and 
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tested with its cognate crRNA in rice protoplasts and stable T0 transgenic plants, 
high-efficiency mutagenesis was achieved. The LbCpf1 was superior to AsCpf1 in 
percentage of mutations obtained as assessed using a protoplast system. In transgenic 
plants, a 100% mutation frequency has been achieved using four constructs targeting 
three rice genes; the majority of mutations were biallelic. The higher efficiency of this 
CRISPR/Cpf1 system compared with that described in previous reports may be 
attributable to the double-ribozyme system, which produces mature crRNAs 
containing the exact sequences of native crRNAs at both ends. 
The full exploitation of the CRISPR/Cpf1 system for precise genomic 
modification and gene regulation will require more research. The presumably higher 
efficiency for insertion of homologous DNA elements at the staggered cut caused by 
crRNA/Cpf1 (compared to that obtained with the blunt-end cuts generated by 
CRISPR/Cas9) needs to be documented. Likewise, multiplex gene targeting with 
CRISPR/Cpf1 achieved either through polycistronic crRNA or through multiple 
single crRNAs has yet to be demonstrated in plant systems. Importantly, delivery of 
crRNA/Cpf1 components as a ribonucleoprotein complex has been successfully 
demonstrated to support precise genome editing in plant protoplasts (Kim et al., 
2017a). However, it must be pointed out that this DNA-free mechanism of gene 
editing that has important implications for regulatory purpose await testing for 
practical applications in agriculture. 
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1.6 Use of Base Editor in Rice 
Genuine nuclease-based gene sequence editing or gene replacement is 
achieved by leveraging the abilities of programmable nucleases to introduce 
site-specific DSBs and exploiting the host cellular DSB repair processes in presence 
of repair DNA template. However, the efficiency of this process is usually low and 
thus challenging for routine use. To overcome such constraints, the recently 
developed Base Editor (BE) technology enables precise DNA base edits without 
DSBs or exogenous DNA templates. It depends on the use of a standard sgRNA and a 
modified Cas9 fusion protein. The fusion protein is a “dead” Cas9 (dCas9) (or, in later 
versions, a Cas9 nickase) fused with a cytidine deaminase that has the capacity to 
convert cytidine to uridine. Use of this modified Cas9 fusion protein/sgRNA 
combination leads to a single base pair substitutions in eukaryotic genomes (Komor et 
al., 2016; Nishida et al., 2016). Among several cytidine deaminases tested, the rat 
cytidine deaminase APOBEC1 was found to be the most efficient in converting 
cytidine to uridine. APOBEC1 was fused to the N-terminus of the catalytically 
inactivated Cas9 (dCas9), and the fusion protein (BE1, the first-generation Base 
Editor) led to 0.8%–7.7% base editing at six sites targeted in the human genome. 
Fusion of the uracil glycosylase inhibitor (UGI) to the C-terminus of BE1, resulted in 
the second Base Editor BE2, that improved the base-editing efficiency and suppressed 
unintended deletions. UGI inhibited the uracil-DNA glycosylase function to prevent 
uracil base excision repair, a cellular process to correct the deaminated cytidine (or 
uridine) caused by the Cas9–cytidine deaminase. Furthermore, a third-generation 
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Base Editor (BE3) made by replacement of dCas9 with a Cas9 (D10A) nickase, 
resulted in 37% C to T conversion within the cytidine deamination window, a stretch 
of DNA located between the position 13 and 17 upstream of PAM (Figure 1-1D). 
Remarkably, only about 1.1% of indels on average at the six tested loci was detected 
in human cells. The Cas9 nickase from Staphylococcus aureus (SaCas9, a Cas9 with a 
5’-NNGRRT-3’ PAM and smaller than SpCas9) was superior to SpCas9 nickase in 
editing six endogenous loci in the human genome (Kim et al., 2017d). These findings 
validated the generality of using various Cas9 homologs for base editing of cytidine 
when fused with cytidine deaminase. Remarkably, when a mutant APOBEC1 was 
used, the deamination window is narrowed to three bases. When sea lamprey cytidine 
deaminase (so-called activation-induced cytidine deaminase) was used in the Komor 
architecture (deaminase-Cas9D10A-UGI) and tested in yeast, high efficiency of base 
editing was also observed (Nishida et al., 2016). Using the Komor system, other 
researchers have successfully achieved high efficiencies of base editing in mice, rice, 
wheat, and maize (Kim et al., 2017c; Li et al., 2017; Lu and Zhu, 2017; Zong et al., 
2017). 
The successful demonstration of genome editing by using cytidine deaminase 
coupled with CRISPR/Cas9 points to the prospect of expanding the genome-editing 
potential with other CRISPR systems (e.g., CRISPR/Cpf1). Narrowing the 
deamination of cytidine at target sites and increasing the possibility of precisely 
targeting a specific DNA base pair by using a suite of Base Editors will help to 
expand the value of genome editing in basic science and applied research. 
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1.7 Concluding Remarks 
Crop improvements or breeding novel agronomic traits made through 
traditional biotechnology approaches have been rather slow and expensive to develop, 
and they have focused largely on traits that can generate a large market share, such as 
herbicide resistance and certain insect resistance traits. Modern, innovative 
genome-editing techniques can greatly accelerate research progress and improve the 
precision and scope of genetic improvements. Moreover, such techniques have the 
potential to decrease regulatory burdens, at least in the United States. The numerous 
benefits associated with genome-editing technology, without doubt, will change the 
face of basic plant research and crop breeding. Genome editing enables discovery of 
gene function through targeted mutagenesis, leading to trait discovery via the 
formation of new gene variants. It also simplifies and expedites the introduction of 
novel traits and maintenance of complex traits through gene stacking. For producers, 
this means more products of higher quality with fewer costs, less labor, as well as new 
markets and opportunities. For consumers, this new technology will mean the 
abundant availability of more nutritious food at lower cost. 
Rice has been repeatedly used as an important platform for the testing and 
adoption of TALEN and CRISPR/Cas systems for genome editing—processes 
facilitated by efficient rice tissue culture and transformation technologies (Table 1-1). 
However, rice genetic engineering by itself faces several constraints that limit 
application of genome-editing technologies. For example, most genome-editing 
studies were performed only with a limited number of transformable japonica rice 
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varieties. It is still technically challenging to perform genetic engineering in the 
majority of rice cultivars, especially indica rice that remains recalcitrant to tissue 
culture and regeneration. Difficulty in rice protoplast culture and regeneration 
precludes the application of preassembled ribonucleoprotein of CRISPR/Cas or 
recombinant TALEN proteins for genome editing—processes that do not involve 
DNA in mutagenesis. Another issue is the uncertainty of regulatory rulings by 
governments in regard to genome edited rice. The stringency of such regulation will 
affect the application of genome-editing technologies in rice breeding and 
commercialization of TALEN- and CRISPR-modified rice. Overcoming these 
limitations will be a key to allowing full realization of the great potential of 
genome-editing technologies to meet the increasing challenge for achieving food 
security posed by the ever-increasing world population. 
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Table 1-1 Published gene editing event in rice 
Method Mechanism Genes Targeted Reference 
TALEN NHEJ OsSWEET14b Li, 2012 (Li et al., 2012) 
  OsLOX3b Ma, 2015 (Ma et al., 2015a) 
  OsBADH2b Shen, 2015(Shan et al., 2015) . 
 HDR OsALSb Li, 2016 (Li et al., 2016d) 
CRISPR/Cas
9 
NHEJ OsSWEET13b Zhou, 2015 (Zhou et al., 2015)  
  OsBADH2a,c, Os02g23823c, OsMPK2c, TaMLOc, OsPDSa  Shan, 2013(Shan et al., 2013)  
  OsCAO1b, OsLAZY1b Miao, 2013 (Miao et al., 2013)  
  AtBRI1b, AtJAZ1b, AtGA1b, OsROC5a,OsSPPa, OsYSAa Feng, 2013 (Feng et al., 2013) 
  OsSWEET14c Jiang, 2013 (Jiang et al., 2013b) 
  AtPDS3c, AtFLS2c, AtRack1bc, AtRack1cc, NbPDSc Li, 2013 (Li et al., 2013) 
  NbPDSa Nekrasov, 2013(Nekrasov et al., 2013) 
  NbPDSc, TaPDSc, TaINOXc Upadhyay, 2013 (Upadhyay et al., 2013) 
  OsMPK5c Xie and Yang, 2013 (Xie and Yang, 
2013) 
  AtCHLI1b, AtCHLI2b, AtTT4b, OsMYB1a Mao, 2013 (Mao et al., 2013) 
  OsNL1a, OsLPA1a, OsLG1a, OsGL1-1a Hu, 2016 (Hu et al., 2016) 
  OsDMC1Aa, OsDMC1Ba Mikami, 2016 (Mikami et al., 2016) 
  NtPDSa, NtFT4b, OsDLa Kaya, 2016 (Kaya et al., 2016) 
  OsSWEET13b, OsSWEET11b, OsCYP76M5 ~ OsCYP76M6*,b   Zhou, 2014 (Zhou et al., 2014)  
  
2
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 NHEJ OsFTL1a, OsFTL4 a, OsFTL5 a, OsFTL6 a, OsFTL7b, OsFTL8b, OsFTL9 a, OsFTL10 a, OsFTL11 
a, OsFTL12b, OsFTL13a, OsGSTUa, OsMRP15a, OsAnPa, Waxya, Os05g0591600a, 
Os03g0126800a, Os03g0126800a, Os07g0409500a, Os07g0625500a, Os07g0261200a, 
Os05g0543000a, Os11g0549665a, Os10g0548600a, Os05g0312500a, Os04g0668400a, 
Os02g0700600a, Os07g0411300a, Os10g0484800a, Os04g0595000a, Os12g0242700a, 
Os03g0216800a, Os02g0459600a, Os01g0891000a, Os10g0413900a, Os06g0142000a, 
Os03g0247300a, Os06g0275000a, At05g55580a, At1g56650a, At1g03180a, At1g16210a 
Ma, 2015 (Ma et al., 2015b) 
  OsMPK1a, OsMPK2a, OsMPK5a, OsMPK6a, OsPDSa Xie, 2015 (Xie et al., 2015) 
  OsPDSb, OsPMS3b, OsEPSPSb, OsDERF1b, OsMSH1b, OsMYB5b, OsMYB1b, OsROC5b, 
OsSPPb, OsYSAb 
Zhang, 2014 (Zhang et al., 2014a) 
  OsMPK1a, OsMPK2a, OsMPK5a, OsMPK6a Minkenberg, 2017 (Minkenberg et al., 
2017) 
  OsGn1ab, OsDEP1b, OsGS3b, OsIPA1b  Li, 2016 (Li et al., 2016b) 
  OsGW2b, OsGW5b, OsTGW6b Xu, 2016 (Xu et al., 2016) 
  OsRBOHHa Yamauchi, 2017 (Yamauchi et al., 2017) 
  Os07g20110b, Os06g30280b, Os01g08570b, OsFBX365b,  OsFBDUF48b Yuan, 2017 (Yuan et al., 2017) 
  OsAGPL4a  Lee, 2016 (Lee et al., 2016) 
  OsRUPOa Liu, 2016 (Liu et al., 2016) 
  OsSBEIb, OsSBEIIbb Sun, 2017 (Sun et al., 2017) 
  OsTMS5b Zhou, 2016 (Zhou et al., 2016) 
  OsCSAb Li, 2016 (Li et al., 2016c) 
 HDR OsPDSc Shan, 2013(Shan et al., 2013) 
  OsALSa Sun, 2016 (Sun et al., 2016) 
  OsEPSPSb  Li, 2016 (Li et al., 2016a) 
Table 1-1 Continued 
  
2
3
 
 
 
 
a T0 generation only 
b T1 or T2 generation reported 
c protoplast or leaf filtration 
* large chromosome deletion 
 
 
  OsALSb Endo, 2016 (Endo et al., 2016b) 
CRISPR/Cpf
1 
NHEJ NtPDSa, NtSTF1b, OsDLa, OsALSa, OsAO1a, OsAO2a Endo, 2016 (Endo et al., 2016a) 
  OsPDSb, OsBELb Xu, 2017 (Xu et al., 2017) 
  OsNAL1a, OsLG1a Hu, 2017 (Hu et al., 2017) 
  OsPDSa, OsDEP1a, OsROC5a Tang, 2017 (Tang et al., 2017) 
  GlmaFAD2-1Ac, GlmaFAD2-1Bc,NaAOCc Kim, 2017 (Kim et al., 2017a) 
Table 1-1 Continued 
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CHAPTER 2. USING TALENS TO DISRUPT RICE MICRORNA 
BIOGENESIS 
(modified from a manuscript to be submitted to RICE) 
 
 
 
Abstract 
miRNAs are a class of 20-24 nucleotide (nt) small RNAs widely spread in 
eukaryotes. In rice, there are over 200 miRNA genes. Here we use TALENs to edit 
the genomic sequences of miRNA genes to disrupt the biogenesis and functions of 
five miRNA genes: miR390, miR159b, miR398b, miR394 and miR408. By 
characterizing the mutants, we found that the mutations within the miRNA sequences 
would cause various effects in miRNA biogenesis. It is also shown that mutation of 
the single-copy miR390 would cause severe shoot apical meristem (SAM) defect – a 
shootless phenotype. Later we used hygromycin inducible promoters to express 
OsmiR390 that partially rescued the mir390 defective phenotype. Furthermore, 
introduction of either one copy of miR390 (Zma-miR390a and Zma-miR390b) 
genomic fragments from maize into the rice mir390 mutant rescued the mutants, 
indicating the interspecific functional conservation of miR390. 
2.1 Introduction 
miRNA (microRNA) is a family of 22-24 nt small non-coding RNAs widely 
spread in different species. In plants, miRNAs play crucial roles in plant development 
and stress responses (Li and Zhang, 2016). miRNAs function by directly targeting 
mRNAs for cleavage, translation regulation, and/or epigenetic modification in plants. 
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The target mRNA site in plants has a nearly perfect match with miRNA mature 
sequence.  
The first miRNA lin-4 was discovered in C. elegans in 1993 (Lee et al., 1993). 
Although people thought lin-4 was an orphan gene at that time, researchers in the 
following decades showed lin-4 belonged to a large family of genes we now call as 
miRNA. In humans, over half of the genes are targets of miRNAs. In Arabidopsis, 
scientists have identified over 400 miRNAs. Yet only 150 miRNAs’ targets are found 
compared to 27,416 protein-coding genes in Arabidopsis (Li and Zhang, 2016). 
Although previous researches provided clear evidence that miRNAs are 
crucial in plant development and stress responses, information from studying certain 
miRNA’s specific functions are very limited. Short length of miRNA sequence makes 
it difficult to target by using random mutagenesis methods. Also, the biogenesis 
process of miRNAs is completely different from protein production. miRNAs’ 
biogenesis involves formation of the secondary structure of pre-miRNA. Such 
structure-based mechanism makes it complicated to either overexpress or knockout 
the miRNA genes. 
TALENs were first reported with the use of TAL effectors fused with the FokI 
DNA endonuclease to induce target gene modifications (Cermak et al., 2011; Li et al., 
2012). Besides their precise target editing function, TALENs also provide great 
versatility in selection of target sites. The 12 to 24 base pair EBE (Effector Binding 
Elements) and 16 to 20 bp of spacer provide abundant range for target selection. Such 
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versatility allows us to design and engineer TALENs to target genomic sequences 
corresponding to mature miRNA sequences, which are only 20-24 nt in length. 
In this research, we designed and engineered over 40 pairs of TALENs 
targeting 34 miRNA genes in rice. Although the efficiency of TALENs was low, we 
still managed to get several valuable mutants. By causing mutations in genomic 
sequence, the secondary structure of pre-miRNA was disrupted, and in turn, the 
biogenesis of miRNAs was intervened. Our results show that TALENs are eligible 
miRNA gene editing tools and provides valuable data in miRNA biogenesis and 
functions.  
2.2 Material and Methods 
2.2.1 TALEN assembly and target selection 
TALEN constructions were assembled as described (Cermak et al., 2011; Li et al., 
2011b). The assembling kit contains 8 set of synthesized DNA modules that code for 
single repeats of TAL effectors designed to code RVD binding certain nucleotide. 
Each set contains 4 modules binding relatively to A, T, G or C. All 8 sets have 
different adhesive ends matching only to their neighbor sets in a predetermined order. 
Eight synthesized DNA modules were then ligated together by Golden Gate assembly 
(Li and Yang, 2013), while the different adhesive end of each module determines its 
position and the module member determined its binding nucleotide. The ligation 
product, named 8-mer, contains 8 modules with a pre-designed order matching the 
binding target. In turn, three 8-mers were ligated together into a modified 
pCambia1300 plasmid forming into an intact TALEN-L. The TALEN-R was 
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similarly assembled and ligated into the same pCambia1300 plasmid. The 
pCambia1300 plasmid bearing both TALEN-L and TALEN-R was then transferred 
into rice to generate stable transgenic plants through Agrobacterium-mediated 
transformation (Figure 2-1). 
 
 
Figure 2-1. TALEN-L and TALEN-R working mechanism 
 
Targets were chosen referring to previously reported principles for TALEN 
target selection (Li et al., 2014). With a thymine (T) preceding the EBE sequence, 
each EBE length ranges from 12 to 24 bp. And the spacer between two EBE ranges 
from 16 to 20 bp. Besides the above universal rules, the target sites were also 
intentionally arranged within mature miRNA sequences (Supplement 2-2). We 
suppose such genome sequence change can either disrupt biogenesis of miRNA or 
disable it from binding to the target mRNA by changing mature miRNA sequence 
(Figure 2-2). 
 
2.2.2 Plant genomic DNA extraction 
Plant genomic DNA extraction was performed by the 2XCTAB method. Leaf 
tissues from plants were sampled and put in centrifuge tubes on ice. Liquid nitrogen 
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was used to freeze the tissues, which was then crushed into a powder like state using 
pestles. An appropriate amount of 2XCTAB buffer was added to the crushed tissues 
and then incubated under 55℃ for 30 minutes with a thorough shake every 10 
minutes. Carbon tetrachloride was added to the solution and the mixture was then 
thoroughly shaken and centrifuged for 10 minutes. The supernatants were then drawn, 
and 0.6 volume isopropanol was added, and the mixture was in turn thoroughly 
shaken and centrifuged for 10 minutes. After centrifuging, the supernatants were 
discarded, and the precipitated pellet was then washed with 80% ethanol. The washed 
pellet containing purified plant genome DNA was then dried and dissolved in 
appropriate amount of HPLC-grade water. 
 
2.2.3 Agrobacterium-mediated rice transformation 
TALEN constructs targeting different miRNAs were built as described above 
and transferred to Agrobacterium strain EHA105. In turn, the Agrobacterium carrying 
TALEN constructs were used for Agrobacterium-mediated rice transformation. 
Calluses from immature embryos of rice cultivar Kitaake were initiated by medium 
containing 2-4-D and transferred with EHA105 bearing the constructs (Hiei, Komari 
and Kubo 1997). Positive calluses were selected using hygromycin and recovered in 
MS medium. After the positive lines have generated enough roots, the plantlets were 
transferred to soil and cultivated either in growth chamber or greenhouse. 
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Figure 2-2. Disruption of miRNA genomic sequence. TALENs are designed to target 
on mature miRNA sequence. The star shows the targeted mutation site. The mutation 
will disrupt pre-miRNA’s secondary structure, as well as the mature miRNA’s 
sequence. This design can disrupt both miRNA’s production and function.  
 
2.2.4 Mutation detection in rice plants 
Primers were designed to specifically amplify the genomic fragment 
containing the target site at the middle of the PCR product (Supplement 2-1). DNA 
electrophoresis was performed to confirm the specificity of PCR and product size. 
The PCR products were then purified with ExoSAP-IT PCR Product Cleanup Reagent 
(Thermo Fisher Scientific). The purified PCR products were then sent to Iowa State 
University DNA Facility for Sanger sequencing. 
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2.2.5 2-step PCR reaction for miR390 mutant genotyping 
2-step PCR method was used to genotype miR390 mutant calluses. The first 
step involves PCR-amplifying miR390 fragment containing mutation site in the 
middle with the forward primer (5’- TAGAGCAAGAGGCACCACTG-3’) and 
reverse primer (5’-TGCCCATCTCATGGACAGAGTAG-3’). The product from first 
step PCR was then diluted and used for a second step PCR using primers in Figure 
2-7C. The two forward primers used in the second step PCR cover the mutation site 
and match either wild-type miR390 (primer-1) or mutant miR390 (primer-2). 
Combined with the common reverse primer in the first step, both pairs of primers 
were used to amplify the corresponding fragments from the diluted PCR products 
obtained from the first round PCR. The first step PCR increases template 
concentration and allows more specific PCR. In the end, primer 1 will only give a 
positive signal when there are wild-type alleles and primer 2 will only function in 
presence of mutant alleles. Genotypes (wild-type, heterozygous mutant, homologous 
mutant) were determined by analyzing the results from the second step PCR.  
 
2.2.6 Construction of pCambia1300:miR390 
The genomic region of miR390 was PCR-amplified using primer miR390-F1 
and miR390-R1 (Supplement 2-1). In turn, gateway reaction was used to clone the 
genomic fragment into a modified pCambia1300 vector at designed restriction sites 
(EcoRI-HindIII) for transformation of miR390-/- derived callus cells. 
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2.2.7 Maize miR390 genomic fragment amplification  
Primers were designed to amplify the whole genomic region spanning 2 kb 
upstream and 1kb downstream of the Zma-miR390a and Zma-miR390b mature 
sequences to ensure the fragment contains both promoter and terminator. Each primer 
contains matching sequence for the target plasmid integration. The fragment was then 
ligated into pCambia1300 by Gateway reaction (HindIII and EcoRI, Gateway reaction 
kit was purchased from NEB company). The resulting constructs were used for rice 
transformation of miR390-/- derived callus cells (Supplement 2-4). 
 
2.2.8 Hygromycin inducible promoter amplification and construct assembly 
Hygromycin inducible promoters were amplified using specific primers (Hyg 
primers in Supplement 2-3). Rice miR390 genomic region was amplified together 
with its own terminator. Each amplified hygromycin inducible promoter was then 
ligated into pCambia1300 together with miR390 genome region by Gateway reaction 
(Supplement 2-3). 
 
2.2.9 Small RNA library preparation 
Total RNAs were prepared by Trizol reagent-based method. The plant 
materials were homogenized and reconstituted in Trizol solution. The solution in turn 
was extracted by carbon tetrachloride. Isopropanol was used to precipitate the total 
RNA. The whole process was performed under RNase free environment. DEPC-grade 
water was used to dissolve RNA. The total RNA then went through miRNA isolation 
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by Qiagen miRNA purification kit. RT-PCR was performed with the purified miRNA 
and cDNA was used for high throughput small RNA library construction and 
sequencing in Blake Meyers’ lab.  
 
2.2.10 Small RNA library preparation for miR390 mutants 
As miR390-/- mutants are shootless, calluses are used for the analysis of small 
RNAs. miR390-/- calluses were selected by 2-step PCR method described above. 
Wild-type calluses were included as a control. Both miR390-/- and control calluses 
were then reconstituted by Trizol and the RNA samples were subjected to small RNA 
library preparation and small RNA profiling in Blake Meyers’ lab. 
2.3 Results 
2.3.1 miRNA gene editing by TALENs 
We initially planned to individually knock out all miRNA genes in rice. Yet 
when we started the project, we found TALENs’ efficiency in mutagenizing miRNAs 
is not as good as we expected. In total, we build over 40 pairs of TALENs targeting 
on 34 miRNA genes (Supplement 2-2). But only five miRNA genes were 
successfully mutated (Figure 2-3).  
Constructs of TALEN genes were transferred into plants and transgenic plants 
of the first generation were screened for mutants by PCR-amplifying the relevant 
regions and Sanger sequencing the amplicons directly. For some constructs, we 
sequenced up to hundreds of plants from independent lines. Yet we only detected 
mutations from plants derived from 5 TALEN constructs for miR390, miR159b, 
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miR398b, miR394 and miR408. The mutant sequences are displayed in Figure 2-3. 
The mutations were precisely located at the expected sites (spacer between TALEN-L 
and TALEN-R). Such mutations can be transmitted to T1 and the following 
generations. The results show that TALENs are capable of editing rice miRNA genes, 
albeit at a relatively low efficiency. The reason for such low efficiency is unknown. 
Previous researches reported TALENs have various efficiencies in different genes 
(Wei et al., 2013). We suppose this might be the reason we cannot get expected 
mutation rates in rice miRNA genes. 
 
2.3.2 miRNA biogenesis is disrupted by the misfolded secondary structure 
To study how pre-miRNA secondary structure affects miRNA biogenesis, we 
performed small RNA library in the mutants. Four out of five miRNA genes with 
mutants successfully gave descendants. Leaves of the four mutants were harvested to 
prepare small RNA library. High throughput sequencing was completed by Blake 
Meyers’ lab.  
To study whether changes in miRNA accumulation resulted from the genomic 
sequence change induced by TALENs, we matched sRNA reads to both wild type 
sequence and mutated sequence (Figure 2-4B). If the miRNAs are still produced, 
there should be mature miRNAs with mutated sequences. The results show that 
miR159b and miR408 accumulations were completely abolished (Figure 2-4A&C), 
while 2 bp deletion in miR390 caused only a reduced accumulation. However, the 1 
bp insertion in miR398b increased its accumulation level.  
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• OSmiR159b 
▫ TCAACTCCTTGCTGACCACTCTTTGGATTGAAGGGAGCTCTGCATCTTGATCCCATATAGTAGT        wt                                
▫ TCAACTCCTTGCTGACCACTCTTTGGATT-----GAGCTCTGCATCTTGATCCCATATAGTAGT        -5 
▫ TCAACTCCTTGCTGACCACTCTTTGGATTAT-GAAGGGAGCTCTGCATCTTGATCCCATATAGTA       -1  
• OSmiR398b 
▫ GATGAGGCGGTCTGGTCTTTCGTGTGTTCTCAGGTCGCCCCTGCCGGGACTCTCTGGTTGATT         wt 
▫ GATGAGGCGGTCTGGTCTTTCGTGTGTTCTgCAGGTCGCCCCTGCCGGGACTCTCTGGTTGATT        +1 
• OSmiR408 
▫ TGGCTGGTGTTGTTGTTGCTCCCTCCCCTGCACTGCCTCTTCCCTGGCTCCCCTGCACA             wt 
▫ TGGCTGGTGTTGTTGTTGCTCCCTCCCCTGCACacTGCCTCTTCCCTGGCTCCCCTGCACA           +2 
▫ TGGCTGGTGTTGTTGTTGCTCCCTCCCCTGCAC-25nt-ACCTCTCTCTCTCTCTCTCTC           -25 
▫ TGGCTGGTGTTGTTGTTGCTCCCTCCCCTGC—11nt—CTCCTGGCTCCCC                     -11 
▫ TGGCTGGTGTTGTTGTTGCTCCCTCCCCTGC—11nt—CTCCTGGCTCCCC                     -11 
▫ TGGATGGTTA-TGTTTTA--169nt----TCTTCCCTGGCTCCCCTGCAC                    -169 
• OSmiR390 
▫ GAACAATCCTTGAAGCTCAGGAGGGATAGCGCCTCGAAATCAAACTAGGCGCTAT                 wt 
▫ GAACAATCCTTGAAGCTCAGGAG—-ATAGCGCCTCGAAATCAAACTAGGCGCTAT                 -2 
• OSmiR394 
▫ GCGCTTACTGAGATTCTTTGGCATTCTGTCCACCTCCTTGTCGAATCCTCAGA                   wt 
▫ GCGCTTACTGAGATTCTTTGGC------TCCACCTCCTTGTCGAATCCTCAGA                   -6 
Figure 2-3 TALENs induced genomic sequence mutations in miRNA genes 
Rice has multiple members in miR159 family with the same mature sequence, 
and we only mutated miR159b. So, it is not surprising that we can still detect wild 
type mature miR159 in the mutant. On the other side, miR398 mutant shows an 
increased accumulation level. Besides the possibility that the pre-miRNA sequence 
and structural change has increased the biogenesis of miR398, it is possible this is due 
to feedback mechanism like: 1. The mutant miR398b lost its ability to inhibit its own 
accumulation and the gene kept producing regardless of the abnormal increase of 
miR398; 2. The mutant miR398b has a decreased functional binding to target genes 
and results in an over production of miR398 to compensate the function decrease.  
 
35 
 
 
Figure 2-4 The accumulation of miRNAs in the mutants. A: mature miRNA 
abundance in each mutant. Small RNAs matching mature miRNA sequences were 
counted to get abundance. wt miRNA Abundance: small RNAs matching targeted 
miRNA’s wt sequence; mt miRNA Abundance: small RNAs matching targeted 
miRNA’s mutated sequence; kit: control group (wild type Kitaake rice). B: mature 
miRNAs’ sequences and the mutation site. C: expression change of each mature 
miRNA in the mutants. miR159b and miR408 expression were completely disrupted, 
while miR398b was increased. miR390 is expressed at a lower level 
To better understand how changes in secondary structure affect mature 
miRNA production, mutant miR390 pre-miRNA cleavage sites were detected by 5’ 
RACE (Figure 2-5). With the disrupted secondary structure, mutant miR390 cleavage 
sites are obviously interfered. The cleavage sites near 3’ ends are spread much wider 
than wt miR390, suggesting the DCL1 protein cannot track the cleavage activity to the 
right site after the first cleavage on the left.  
The cleavage of pre-miRNA to form miRNA duplex by DCL1 has been 
described as a sequential procession (Bologna et al., 2013). DCL1 protein would 
make the first cleavage at either side and then make another at 21 nt away from the 
first site. In the above result, the loop end cleavage site was disrupted while the 5’ end 
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was preserved, suggesting the first cleavage was performed at the 5’ end. In turn, the 
second cleavage was performed 21 nt away from the first site near the loop. Yet as we 
have disrupted the sequence, the second site was poorly recognized and showed a 
wider spread manner of cutting sites. 
 
Figure 2-5 pre-miRNA cleavage sites by 5’ RACE. The upper pic shows wild-type 
miR390 cleavage pattern and the lower pic shows mutant miR390 cleavage pattern. 
The sequences are arranged into predicted secondary structure of pre-miRNA. Red 
characters show mature miRNA sequence and blue characters show miRNA* 
sequence. The arrows indicate the positions and number of reads of the precursor 
cuts identified. Purple arrows show the most abundant cleavage site detected. Black 
arrows show other cleavage sites of at least 5% abundance of the total reads, while 
other minor cuts are shown in gray. 
2.3.3 miR390 mutant shows severe shoot apical meristem (SAM) defect 
In the study, we found that T1 and T2 generation miR390 mutants could not 
produce homozygous plants, instead, the descendants segregate at a rate as wt: 
heterozygous: ungerminated seeds = 1:2:1 (χ2=0.0092). Random genotyping of 
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ungerminated seeds indicated that they were all homozygous mutants. The 
homozygous seeds could either give a root without any shoot, or not germinate at all 
(Figure 2-6).  
The discovery that homozygous miR390 mutant cannot germinate is new to us 
(Figure 2-6). Although previous studies have shown miR390 is critical in plant 
development, the mutants in Arabidopsis did not show such severe phenotype 
(Cuperus et al., 2010).  
 
 
Figure 2-6 Disruption of miR390 causes severe SAM defects. The uppermost pic 
shows the phenotype of miR390 mutants. From left to right: miR390-/-, miR390-/-, 
miR390-/+, miR390+/+. The miR390-/- mutants show obvious shoot less phenotype 
while the heterozygous and wt show normal growth. The middle table shows the 
segregation ratio of miR390-/+ offspring’s germination. The lowest pic shows rescue 
experiment results: Left: construct used to recover miR390-/- phenotype. The whole 
genome region of miR390, containing the promoter and terminator region, was 
cloned and transferred to miR390-/- calluses. Right: Shoots come out after 
transferring the rescuing construct into the mutant calluses. 
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2.3.4 SAM defects of miR390-/- mutant can be rescued by introduction of miR390 
miR390-/- calluses were screened out by the 2-step PCR method described 
above. Rice miR390 gene was PCR-amplified as a genomic fragment and cloned into 
pCambia1300 vector for complementation of mir390 mutant through rice 
transformation. The pCambia1300/miR390 plasmid was then transferred into 
miR390-/- calluses. As we previously mentioned, miR390-/- showed shootless 
phenotype. However, the transformed calluses could be successfully regenerated into 
shoots, a rescued phenotype by the constructs we have transferred. Sequencing result 
confirmed the shooting calluses were indeed miR390-/- mutants (Fig. 2-6). 
 
2.3.5 Partially rescue miR390 mutant phenotype by hygromycin inducible 
promoter driving rice miR390 expression 
In a previous research, we found 5 genes’ expression in rice were significantly 
upregulated in the presence of hygromycin. In this study, we decided to use the five 
genes’ promoters (Figure 2-6 B) to express rice miR390 in miR390-/- mutants. 
The five promoters were amplified by high fidelity PCR reaction 
(Supplement 2-3). Rice miR390 genomic region was amplified together with its 
terminator. The amplified promoters were then ligated to amplified miR390 with 
terminator fragment individually (Figure 2-7A). The assembled Hyg-miR390 cassette 
was then ligated into pCambia1300 plasmid for Agrobacterium-mediated 
transformation of miR390-/- mutant callus cells.  
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Since miR390-/- seeds cannot germinate, we have to screen for miR390-/- 
calluses from miR390+/- descendant seeds for transformation. The seeds from 
miR390+/- plants were germinated and induced on MS medium with 
2,4-dichlorophenoxyacetic acid. The induced calluses were then sampled and 
genotyped by the 2-step PCR method described above (Figure 2-7 C). The 
homozygous calluses were selected and entered transformation process. 
 
Figure 2-7 miR390-/- rescued by hygromycin inducible promoter driven miR390 
expression  A. Hygromycin inducible promoter driven OSmiR390 construct: 
Hygromycin inducible promoter and miR390 genomic fragment with terminator were 
amplified and ligated together. B. Five genes induced by hygromycin. The promoters 
were named Hyg1, 2, 3, 4, 5. C. Primers designed to identify homozygous mutants: 
Primer 1 matches wt sequence. Primer 2 matches the mutant sequence. Each of the 
two primers will amplify pairing with the same R-Primer (Reverse Primer) to identify 
different genotypes.  
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The transformation of mutant calluses with these constructs appeared to be 
very difficult. After multiple times of transformation, only 2 out of 5 constructs 
successfully produced T0 plants, Hyg1:miR390 and Hyg3:miR390. Since miR390-/- 
mutants are defective in SAM, we would not get any shoot if the constructs were not 
expressing miR390. The success to obtain regenerated plants suggested that miR390 
could be produced in the mutants. Hyg1:miR390 and Hyg3:miR390 plants were 
transplanted into liquid solution optimized for rice growth. We purposely put part of 
plants in liquid medium with hygromycin and part without hygromycin. Both plants 
survived yet with different phenotypes (Figure 2-8). The plants grow in the presence 
of hygromycin could develop intact husk while the ones without hygromycin develop 
defective husk, leaving stigma and anther exposed. 
The rescue experiment again confirmed our presumption that the SAM defect 
is caused by miR390 mutation. The phenotype of the Hyg:miR390 plants showed that 
an insufficient miR390 production would still cause developmental defects.  
Although we are aware that miRNAs are transcribed by RNA Polymerase II, it 
is still important to have evidence whether a promoter can produce miRNAs. In our 
experiment, the promoters show capability to express miR390 under the control of 
hygromycin. The different phenotype with or without presence of hygromycin suggest 
the expression of miR390 is under control of hygromycin. Hygromycin can induce 
expression of Hyg1- and Hyg3-driving genes at a higher level (Figure 2-9). 
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2.3.6 miR390’s functions are highly conserved between rice and maize 
To get a better understanding of miR390’s functions between different species, 
we transformed maize miR390, Zma-miR390a and Zma-miR390b, into rice miR390-/- 
mutant to rescue the mutant phenotype. Whole genomic regions of Zma-miR390a and 
Zma-miR390b were PCR-amplified and ligated into pCambia1300 by Gateway 
reaction respectively. The constructs were then transferred into OSmiR390+/- calluses, 
which were selected by the 2-step PCR method mentioned above. T0 generation 
plants were transferred into soil and cultivated for seeds. In the T1 generation, 
Zma-miR390(+) &OSmiR390-/- plants were selected for characterizations. No 
obvious defective phenotypes were found in mutants carrying either Zma-miR390a or 
Zma-miR390b transgene (Figure 2-10). 
 
 
Figure 2-8 Hyg-miR390 plants show different phenotype w/o the presence of 
Hygromycin. Hyg1-miR390 plants are shown as an example. Left: Hyg1:miR390 
plants cultivated without hygromycin. Right: Hyg1:miR390 plants cultivated with 
hygromycin. Plants cultivated at the presence of hygromycin can develop intact husk, 
while the plants in no-hygromycin solution cannot develop intact husk.  
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Both Zma-miR390a and Zma-miR390b were capable of restoring miR390 
mutant phenotype to normal growth. Maize miR390a and miR390b were shown to be 
functionally conservative with rice miR390, while Zma-miR390a and Zma-miR390b 
contain could be functionally redundant in maize or at least in rice to equally 
compensate the loss of miR390 in rice.  
 
Figure 2-9 Hygromycin inducible promoters partially rescued miR390 mutant 
phenotypes.  A, B, D shows thread like leaves and bifurcated leaves in rescued 
mutants, suggesting a partially rescued phenotype. C, F: miR390-/- SAM defect 
phenotype. E: wild-type kit plants  
4. Discussion 
The biogenesis of miRNA has been studied for decades. However, there are 
still details remaining ambiguous. In animals, there are three major pathways to 
produce miRNAs (Yang and Lai, 2011). Nonetheless, only one biogenesis pathway 
has been described in plants. As for the secondary structures determining 
pre-miRNAs’ fate, and how pre-miRNAs are cleaved remain controversial.  
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In our research, we provide solid in vivo data reflecting secondary structure 
changes affecting cleavage and mature miRNAs’ biogenesis and functions. Since 
miRNAs do not necessarily need an exact match with the target, how mature miRNA 
sequence change affects its functions is very tricky to predict. Previous prediction is 
usually based on base match algorithm and add a penalty for each mismatch (Fahlgren 
and Carrington, 2010). The data from miR390-/- shows that the result might not be as 
we expected before. Two base pair deletions could result in enormous functional 
change, while the production and accumulation of miRNA levels vary in different 
mutants.    
 
Figure 2-10  Both Zma-miR390a and Zma-miR390b can rescue OSmiR390-/- 
phenotype.  Left: wild-type kitaake rice. Middle: Zma-miR390a(+) & OSmiR390-/-. 
Right: Zma-miR390b(+) & OSmiR390-/-. 
It is well known that the CRISPR/Cas system is more efficient than TALENs 
in most organisms. Yet CRISPR/Cas requires more strict rules in target selection. The 
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PAM sequence and fixed gRNA length limit its target selections relative to other tools. 
Such a limit is ok for most genes, but shows huge disadvantages in miRNAs. The 
short length of miRNAs makes them difficult to find proper CRISPR target sequence. 
Despite TALENs did not give us expected efficiency, it remains a useful tool in gene 
editing toolbox. 
We were surprised that miR390 had such a big impact in rice SAM 
development. Previous researches on Arabidopsis and corn did show miR390 is 
related to SAM and auxin pathway, however, none of the research achieved a 
complete change of accumulated mature miR390 (Cuperus et al., 2010; Montgomery 
et al., 2008; Nogueira et al., 2009). One of the reasons is that both maize and 
Arabidopsis have two copies of miR390. As our research showed that maize miR390a 
and miR390b are functionally redundant, knocking out one of the two copies would 
most likely result in a functional compensation from another copy. Another reason is 
that knockout miR390 mutant cannot germinate or survive. In random mutation 
induction methods, such mutant can easily be overlooked.  
It has been reported that miR390 and AGO7 combination is highly selective to 
each other and knocking out AGO7 will cause a defect in Arabidopsis leaf 
morphology (Montgomery et al., 2008). However, knocking out SHL4, Ago7’s 
orthologous gene in rice, will cause a shootless phenotype (Satoh et al., 1999). Such 
inconsistency raises questions about the selectivity between miR390 and AGO7. The 
evidence we have provided, that miR390 mutation in rice would result in severe SAM 
defects, support the theory that AGO7 and miR390 are highly selective to each other.  
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The mature miRNA sequences of miR390 from different species are almost 
exactly the same. Nonetheless, the production and function of the miR390 between 
species are not as conservative. As we have already known miR390 and AGO7 are 
highly selective to each other, the function of AGO7/miR390 RISC complex shows 
divergence between rice and Arabidopsis, given that the phenotypes of the AGO7 
mutants in rice and Arabidopsis are different. The maize miR390, however, shows a 
conservativity in both function and production between rice and maize. Combining 
the result from hygromycin inducible promoter driven miR390, that low-level 
production of miR390 will still cause a severe defect, it is conceivable to conclude 
that maize miR390 has been abundantly produced in rice. Such phenomenon, in turn, 
points to another question concerning the reason that maize kept two copies of 
miR390 in evolution.  
Inducible promoters are extremely valuable in molecular research. By 
controlling the expression of certain genes, we can study gene functions in a temporal 
manner. Our research shows that the Hyg1 and Hyg3 driven miRNA genes can be 
induced by hygromycin and produce miRNAs. Although with low-level basal 
expression, the fact it can be induced to a higher expression level showed that it is 
under control of hygromycin. Since our plant transformation is performed under 
selection of hygromycin, transferring plantlets from medium to soil or liquid culture 
would withdraw plants from hygromycin. As we have shown in the experiment, part 
of the plants were cultivated without hygromycin, which is a hygromycin level 
change from high to low. Withdrawing hygromycin then returned the promoter to a 
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low-level expression and the plants show defects in husk development, while adding 
hygromycin can induce a high-level expression and show a complete husk. 
TALENs, as an important member in gene editing tool, have been shown to be 
useful in miRNA gene editing. The disruption of miRNA biogenesis and functions is 
necessary in studying miRNAs and RISC. In this chapter, we provided measures in 
miRNA studying and characterization of miR390 mutant. The TALEN designing 
strategy and the rescue experiments provide methods as reference for future research. 
However, as we have mentioned, TALEN-induced mutagenesis efficiency is not as 
good as expected in miRNA gene editing. In the last chapter, I will then discuss the 
possible measures to improve TALEN system.   
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2.4 Supplementary information 
MIR390-F, atgggatccTAGAGCAAGAGGCACCACTG   
MIR390-R, cattctagaTGCCCATCTCATGGACAGAGTAG 
MIR159b-F1, atgaattcTCTGAAGCCTCTGATGTTTGC 
MIR159b-R1, ccttctagaTCCATCGAATATGCAGGTGCT 
MIR408-F1, atggaaTTCAAGGCAAAGACATTGC 
MIR408-R1, tcatctagaCAGCCCTTGAAGTGTCAC 
MIR394-F1, atagaattCCAAGAAGCACAATCCCATC 
MIR394-R1, tactctAGAATCAACCAGGCTTGGTTAGG 
MIR398b-F1, TCATTAATCCGGTCATCAGCA 
MIR398b-R1, AGGTGTGCATATGTGCGTTTAC 
 
Supplement 2-1. Primers used to amplify miRNA genomic region. Primers 
were designed to amplify fragment containing mutation near the middle.  
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MIR159b-L 
T  C  A   A  C  T   C  C   T  T  G  C   T   G  A  C  C   A  C   T  C  T  T 
   HD NI NI HD NG HD HD NG NG NN HD NG NN NI HD HD NI HD NG HD NG N*  
MIR159b-L 
T  A  C   T  A  C   T  A  T   A  T   G  G  G   A  T  C   A  A   G  A   T  G  C 
   NI HD NG NG HD NG NI NG NI NI NN NN NN NI NG HD NI NI NN NI NG NN H* 
MIR390-L 
T G  A  G  G   A  A  G  G   G  T   A  T  G  G   A  A  C   A  A  T  C  C  T  T 
  NN NI NN NN NI NI NN NN NN NG NI NG NN NN NI NI HD NI NI NG HD HD NG N* 
MIR390-R 
T A  G  C  G  C   C  T   A  G  T   T  T  G   A  T  T  T  C   G  A  G  G  C  G 
  NI NN HD NN HD HD NG NI NN NG NG NG NN NG NG NG NG HD NN NI NN NN HD N* 
MIR394-L 
T C  A   A  A   G  G  G   G  C   G  C  T   T  A   C  T  G  A   G  A  G  T  T  C 
  HD NI NI NI NN NN NN NN HD NN HD NG NG NI HD NG NN NI NN NI NN NG NG N*  
MIR394-R 
T C  T  G   T  C  T  C   T  G  A   G  G  A  T  T   C  G  A  C   A  A  G  G  A 
  HD NG NN NG HD NG HD NG NN NI NN NN NI NG NG HD NN NI HD NI NI NN NN N* 
MIR398b-L 
T  G   A  T  G   A  G  G   C  G   G  T  C  T   G  G   T  C   T  T  T  C   G  T   
   NN NI NG NN NI NN NN HD NN NN NG HD NG NN NN NG HD NG NG NG HD NN N* 
MIR398b-R 
T  G   T  A  G   G  A  A  C   T  C  C   A  G   A  G   T  C  C   C  G  G  C   A 
   NN NG NI NN NN NI NI HD NG HD HD NI NN NI NN NG HD HD HD NN NN HD N* 
MIR408-L 
T G  G  C   G   G  G  T  G   T  T   G  T   T  G  T  T   G   C  T  C  C  C  T 
  NN NN HD NN NN NN NG NN NG NG NN NG NG NN NG NG NN HD NG HD HD HD N* 
MIR408-R 
T  G  T   G  C   A   G  G  G  G   A  G   C  C  A  G  G  G 
   NN NG NN HD NI NN NN NN NN NI NN HD HD NI NN NN N* 
Supplement 2-2. TALEN constructs and targeted sites  
 
 
 
 
 
 
49 
 
Hyg1-F3, TATGACCATGATTACGAATTCTTATCAGACCGAAGGGAGTAC 
Hyg1-R3, CATCTCTCCCTTTGAACGCCTTGCCTCGATTTCTTGGTCCT 
Hyg2-F3, TATGACCATGATTACGAATTCGACTCATTGATAGCCTTACG 
Hyg2-R3, CATCTCTCCCTTTGAACGCCTGTGAGTTTGTGTTCTCTCGCTG 
Hyg3-F3, TATGACCATGATTACGAATTCTCTGCTCTTCTTCGGTCGTTAC 
Hyg3-R3, CATCTCTCCCTTTGAACGCCTAATAATCGACCGTCACATGCATATG 
Hyg4-F3, TATGACCATGATTACGAATTCTGCAAACAACGAGGGGATATCC 
Hyg4-R3, CATCTCTCCCTTTGAACGCCTACTGTTCGTCCTGCAGATCGATG 
Hyg5-F3, TATGACCATGATTACGAATTC ACCGACACAGTGTCGACCGGTTAG 
Hyg5-R3, CATCTCTCCCTTTGAACGCCTGGCGCGCGATCGCGGCGAGAAG 
miR390-F4, AGGCGTTCAAAGGGAGAGATG 
miR390-R4, ACGACGGCCAGTGCCAAGCTTAGGTACGTACTGTACAAGCTTGC 
Supplement 2-3. Primers to amplify Hygromycin inducible promoter and miR390 
genomic region with terminator 
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Zm390aF-: CCATGATTACGAATTCTAGGTTTTAGCGGGCGACAG 
Zm390aR: GGCCAGTGCCAAGCTTGATTTTGGGGGCAGGGTACA 
Zm390bF: CCATGATTACGAATTCGTGTGAGTTCAGTCCCTGCG 
Zm390bR: GGCCAGTGCCAAGCTTCGGGAGCACGAAACGATA 
Supplement 2-4. Primers for amplifying maize miR390 genomic region 
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CHAPTER 3. RICE ARGONAUTE GENE EDITING WITH CRISPR/CAS9 
SYSTEM 
(Modified from a manuscript to be submitted to RICE) 
 
Abstract 
In this chapter, we designed and built CRISPR/Cas constructs to target 19 
AGO genes in rice, which code for Argonaute proteins and function as core 
component in RNA-induced silencing complex (RISC). All 19 AGO genes were 
individually knocked out and a collection of AGO mutants were acquired. Also, 
CRISPR/Cas constructs targeting on multiple AGO genes were designed, assembled 
and transferred into Rice, and multiple-gene AGO mutants were identified and 
recovered. In the process, interesting mutant phenotypes like AGO1 quadruple 
mutants and AGO4a/AGO4b double mutants were characterized.  
3.1 Introduction 
Argonaute represents a family of highly conserved proteins existing in almost 
all eukaryotes and some bacteria and archaea. The proteins were originally identified 
for their roles in development in multiple organisms. The interest in Argonaute 
became explosive when their roles in RNAi and miRNA mechanism were revealed 
(Bohmert et al., 1998; Moussian et al., 1998). These proteins were initially named as 
PAZ proteins for the PAZ domain they contain. Later Dicer proteins were found to 
contain PAZ as well. Argonaute proteins were then renamed by a series of different 
terms, but finally, Argonaute was adopted as a unified name (Vaucheret, 2008).  
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Figure 3-1 Argonaute protein structure and function diagram 
Biochemical studies show that most Argonaute proteins contain four domains: 
N terminus, PAZ domain, MID domain, and PIWI domain. The PAZ domain can 
recognize the 3’ end and bind to the single strand RNA (ssRNA), while PIWI domain 
has an RNaseH activity which cleavages the target mRNA. MID domain contains 
structures to increase the binding activity by interacting with phosphate caption of 
single strand RNA (ssRNA) (Figure 3-1) (Hutvagner and Simard, 2008).  
Argonaute proteins are classified into three groups according to their ssRNA 
binding activities: Group 1 binds to microRNAs and some siRNAs, and the members 
are referred to as AGO proteins; Group 2 binds to piRNAs and are called PIWI 
proteins (Aravin et al., 2007). Group 3 was recently found in C. elegans, which acts 
by secondary ssRNA (Yigit et al., 2006). Except for group 3 Argonaute, which does 
not contain a PAZ domain, Group 1 and 2 both contain 4 conserved domains and 
work with small RNAs. 
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Genes for Argonaute proteins exhibit huge variations in copy number among 
different species. For example, in human, there are 8 Argonaute genes (encoding 4 
AGO and 4 PIWI proteins), and 7 in mice (encoding 4 AGO and 3 PIWI proteins) 
(Höck and Meister, 2008). PIWI protein has not been identified in plants, but AGO 
proteins in plants can function through transacting siRNA (ta-siRNA) pathway, which 
does not exist in animal. Group 3 Argonaute was only discovered in C. elegans, 
which possesses at least 27 Argonaute genes (5 Argonaute-like, 3 Piwi-like and 18 
group 3 Argonautes) (Höck and Meister, 2008). In plants, all identified Argonaute 
genes are AGO genes. Arabidopsis has 10, while maize has 17 and rice has 19 AGO 
genes (Vaucheret, 2008). 
 
3.1.1 RISC, miRNA and siRNA 
RNA-induced silencing complex (RISC) is a multiple protein complex with 
the incorporation of ssRNA (e.g. siRNA and miRNA). RISC recognizes target mRNA, 
usually specified by the ssRNA, and cleaves the mRNA. RISC functions as a 
divalent-metal-ion-dependent enzyme that hydrolyzes the phosphodiester linkage of 
target mRNA. 
It is well known that ssRNA functions within RISC to guide the cleavage of 
target mRNAs. Yet it is not clear what the exact components of RISC are and how it 
is assembled. It is conceivable to expect a wide variety of RISC species and even 
dynamic structures of different protein combinations given the fact that hundreds of 
miRNAs and millions of ssRNAs exist in a single eukaryote. RISC structures 
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currently reported have wide variations in size and components. The inconsistencies 
are either due to experimental design or variable structures of RISC itself. Whatever 
the reason is, such noisy information largely hampered our basic understanding of 
RISC. Nevertheless, previous researches still concluded several findings. One of these 
is that all RISCs characterized so far contain an Argonaute protein as the core 
component. 
We have long known that DCR1 (Dicer-1) is closely associated with small 
RNA biogenesis and RNAi . Co-immunoprecipitation experiments in D. 
melanogaster showed the interaction between DCR1 and AGO2 (Carmichael et al., 
2004; Hammond et al., 2001). Human DCR1 proteins were also showed to bind to 
AGO proteins. 
The second well recognized protein in RISC is R2D2. R2D2 can form a dimer 
with DCR1 and facilitates sRNA incorporation into RISC. Without R2D2, DCR1 can 
still cleave dsRNA efficiently but cannot load the product ssRNA into AGO proteins 
(Li et al., 2015). 
 
3.1.2 Argonaute and small RNA biogenesis 
In addition to uploading ssRNA and cleaving target mRNA, Argonaute 
proteins are also deeply involved in the biogenesis of small RNAs. It has been known 
that knocking out AGO2 gene in animals causes a deficiency in RNAi (Liu et al., 
2004). In plants, knocking out AGO1 causes anti-virus RNAi deficiency and results in 
more susceptibility to virus infection (Wu et al., 2015). Although we previously 
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thought that RNAi could be performed by either AGO, the truth is that only certain 
AGO proteins can unwind double stranded RNA and form a RISC in RNAi 
mechanism. 
miRNA biogenesis pathways are much more complicated than RNAi. In 
RNAi, as long as we can induce a long double stranded RNA, Dicer will cleave the 
RNA and RISC will unwind and load the ssRNA. Yet the loop structure of miRNA 
reduces its force between two strands and makes it possible for other AGO proteins to 
form a RISC complex without strong unwinding ability (Figure 3-2). Knocking out 
AGO2 gene will cause RNAi deficiency in animals and a decrease of abundance in 
some miRNAs (Hammond et al., 2001; Liu et al., 2004; Su et al., 2009; Yigit et al., 
2006). But most miRNAs are spared and remain produced. Although it is still not 
proved, we can reasonably infer that AGO1 plays a similar role in plants as AGO2 in 
animals.  
 
Figure 3-2 Diagram for Argonaute proteins involvement in small RNA biogenesis.   
Star shape shows cleavage activity of AGO proteins. 
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Although we can make a reasonable guess on plant AGO gene functions, solid 
data is required to validate our hypothesis. Previous researches have studied rice AGO 
genes with various measures, but only a few of the 19 AGO genes have been 
mutagenized in rice. Compared to Arabidopsis, which had all 10 AGO genes knocked 
out and reported, available AGO mutants in rice is very limited. Taking advantage of 
CRISPR/Cas technology, we managed to knock out all 19 AGO genes in rice. In the 
following text, I will describe how we determined the mutants and a few phenotypes 
we found in the mutants.  
3.2 Materials and Methods 
3.2.1 Construction of CRISPR plasmids targeting AGO genes 
The rice CRISPR/Cas9 system used in this study was described in previous 
papers (Jiang et al., 2013b; Zhou et al., 2014). Briefly, the modified pCambia1300 
with Cas9 and attR1-ccdB-attR2 cassettes is used as a destination vector. 
pENTR-gRNA was used as an intermediate vector to construct guide RNA cassettes 
that were mobilized into the Cas9 destination vector through Gateway recombination. 
The complementary oligos with 4-bp overhangs compatible to the ends of cleavages 
in pENTR-gRNA were synthesized (Supplement 3-3). The oligos were annealed and 
ligated into the gRNA cassette in pENTR-gRNA plasmid and sequenced using primer 
U6p-F1 for accurate insertion. The sequenced gRNA cassette was then constructed 
into the destination pCambia1300 plasmid and used for Agrobacterium-mediated rice 
transformation. 
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3.2.2 Construction of CRISPR plasmids targeting multiple genes 
The gRNA cassettes used in previous reports contain two units with 
independent promoters. Such design allows the CRISPR system to edit 2 targets 
simultaneously (Jiang et al., 2013b). In this study, we need to edit 4 targets at the 
same time. We, therefore, modified the pENTR-gRNA plasmid to allow 4 gRNAs to 
stack together. There are 2 HindIII restriction sites flanking the gRNA expression 
cassette, with each cassette containing 2 independent gRNA expression modules. One 
of the HindIII sites was then destroyed and left only one HindIII site. Two of the four 
annealed oligos were ligated into original pENTR4-gRNA plasmid, and another two 
were ligated into the single HindIII pENTR4-gRNA plasmid. The original gRNA 
cassette in pENTR4-gRNA was in turn digested with HindIII. The cassette fragment 
was in turn recovered from DNA gel and ligated into modified pENTR4-gRNA at 
HindIII site (Figure 3-3). 
 
 
Figure 3-3 Diagram for 4-gRNA CRISPR construct assembly.  Lightning labels the 
destroyed HindIII site. The HindIII destroyed plasmid then worked as vector and 
accept another gRNA cassette. CIAP was used to process vector before ligation to 
inhibit self-ligation. 
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3.2.3 Agrobacterium-mediated rice transformation 
CRISPR constructs targeting different AGO genes were built as described 
above and transferred to Agrobacterium strain EHA105. In turn, the Agrobacterium 
carrying CRISPR constructs was used in Agrobacterium-mediated rice transformation. 
Calluses from immature embryos of rice cultivar Kitaake were initiated using medium 
containing 2-4-D and co-cultivated with EHA105 bearing the constructs (Hiei et al., 
1997). Positive calluses were selected and recovered using MS medium containing 
hygromycin. After the positive lines were regenerated into plantlets with enough roots, 
the plantlets were transferred to soil and cultivated either in a growth chamber or in a 
greenhouse. 
 
3.2.4 Plant genomic DNA extraction 
Plant genomic DNA extraction was performed by the 2XCTAB method. Leaf 
tissues from desired plants were harvested in centrifuge tubes. Liquid nitrogen was 
used to freeze the tissues. The frozen tissues were in turn ground into fine powder 
using pestles. An appropriate amount of 2XCTAB buffer was added to the ground 
tissues and incubated at under 55℃ for 30 minutes with a thorough shake every 10 
minutes. Carbon tetrachloride was added to the solution and the mixture was 
thoroughly shaken and centrifuged for 10 minutes. The supernatants were then drawn 
and 0.6 volume isopropanol was added to the supernatants. In turn, the mixture was 
thoroughly shaken and centrifuged for 10 minutes. After centrifugation, the 
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supernatants were discarded and the precipitated pellet on the bottom was washed by 
80% ethanol. The washed pallet containing purified plant genome DNA was 
afterwards dried and dissolved in an appropriate amount of HPLC-grade water.  
 
3.2.5 Mutation detection in rice plants 
Genomic DNA was extracted from T0 plants leaves using the 2XCTAB 
method. The purified genomic DNA was then used to perform a PCR reaction. PCR 
primers were designed to amplify 500-800 bp DNA fragments containing pre-selected 
mutation sites near the middle (Supplement 3-1). DNA electrophoresis was used to 
confirm the PCR products. After PCR reaction, 3-5ul of the PCR products from T0 
plants as well as wild type Kitaake were used to be loaded into DNA agarose gel. 1kb 
DNA ladder from NEB company was used to indicate the sizes of DNA fragments. 
PCR products with the right size were then treated with ExoSAP-IT PCR Product 
Cleanup Reagent (Thermo Fisher Scientific). After purification, the products were 
subjected to Sanger sequencing at the Iowa State University DNA facility.  
3.3 Results 
3.4.1 Individual knockout of rice AGO genes 
Among the 19 AGO genes in rice, only 3 were characterized at gene 
functional level: MEL1, SHL4, and PNH1 (Table 3-1). Taking advantage of the rice 
CRISPR/Cas9 system, we sought to knock out all 19 AGO genes to create materials 
for study of Argonaute functions.  
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CRISPR/Cas constructions were assembled as described above and targets 
were selected by the rules reported before (Jiang et al., 2013b). Two targets were 
selected for each AGO gene near the translation initiation site. Oligos with target 
matching sequences were synthesized at the Iowa State University DNA Facility and 
ligated into gRNA cassette. Each cassette then contained two gRNA genes targeting 
two independent sites within the same AGO gene. Completed CRISPR/Cas9 plasmids 
were in turn used for Agrobacterium-mediated rice transformation. T0 plants were 
sampled and tested for target gene mutations. 
Table 3-1 Rice AGO genes in previous researches 
Gene name Gene location Functions reported in gene silencing or inhibition researches 
OsAGO1a LOC_Os02g45070  
OsAGO1b LOC_Os04g47870  
OsAGO1c LOC_Os02g58490  
OsAGO1d LOC_Os06g51310  
OsAGO2 LOC_Os04g52540  
OsAGO3 LOC_Os04g52550  
OsAGO4a LOC_Os01g16870  
OsAGO4b LOC_Os04g06770  
OsAGO14 LOC_Os07g09020  
OsMEL1 LOC_Os03g58600 Defect in Male Meiosis(Nonomura et al., 2007) 
OsAGO13 LOC_Os03g57560  
OsAGO16 LOC_Os07g16224  
SHL4 LOC_Os03g33650 SAM Defect(Nagasaki et al., 2007) 
OsPNH1 LOC_Os06g39640 Leaf Development(Nishimura et al., 2002) 
OsAGO17 LOC_Os02g07310  
OsAGO12 LOC_Os03g47820  
OsAGO11 LOC_Os03g47830  
OsAGO18 LOC_Os07g28850  
OsAGO15 LOC_Os01g16850  
 
19 constructs targeting individual AGO gene were assembled and transferred 
into rice. All but AGO1d, AGO4b, and AGO14 were successfully edited by CRISPR 
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system (Supplement 3-1). T0 plants leaves were sampled and genomic DNA was 
extracted for PCR reaction. Primers designed flanking the editing site were used to 
amplify fragments with the editing site near the middle of the PCR products. PCR 
products were then validated through DNA electrophoresis. PCR products with the 
right sizes were re-annealed and digested with T7 Endonuclease I. One or two 
samples were randomly picked among positive samples. The picked samples were 
purified by ExoSAP-IT reagent (Thermo Fisher Scientific) and sent to the Iowa State 
University DNA facility for Sanger sequencing. The sequencing results showed all 16 
genes were successfully edited, suggesting the high efficiency of our rice CRISPR 
system.  
 
3.4.2 Multiple rice AGO genes simultaneously knocked out using CRISPR/Cas9 
Varying in gene copy numbers, Argonaute genes exist in almost all eukaryotes. 
Such phenomenon suggests AGO genes have formed large functional redundancy and 
divergence during evolution. Previous studies in Arabidopsis have provided precious 
data in plant AGO genes functions (Zhang et al., 2015). But the functional 
redundancy and divergence are hindering our understanding of AGO gene functions.  
To address this question, we sought to create multiple-gene AGO mutants to 
get solid data in these genes’ functional redundancy and divergence. Traditional 
crossing method will take years of work just to get materials. Taking advantage of our 
multiplex targeting CRISPR system, we can acquire multiple mutants in several 
months.  
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Table 3-2 Argonautes distributed by clades.  
 Arabidopsis Rice Maize 
 
Gene name Gene identifier Gene name Gene identifier Gene name Gene identifier 
Clade I AtAGO1 AT1G48410 OsAGO1a LOC_Os02g45070 ZmAGO1a GRMZM2G441583 
 
AtAGO10 AT5G43810 OsAGO1b LOC_Os04g47870 ZmAGO1b AC209206.3_FG011 
   
OsAGO1c LOC_Os02g58490 ZmAGO1c GRMZM2G039455 
   
OsAGO1d LOC_Os06g51310 ZmAGO1d GRMZM2G361518 
   
OsPNH1 LOC_Os06g39640 ZmAGO10a AC189879.3_FG003 
   
OsAGO17 LOC_Os02g07310 ZmAGO10b GRMZM2G079080 
       
Clade II AtAGO2 AT1G31280 OsAGO2 LOC_Os04g52540 ZmAGO2a GRMZM2G007791 
 
AtAGO3 AT1G31290 OsAGO3 LOC_Os04g52550 ZmAGO2b GRMZM2G354867 
 
AtAGO7 AT1G69440 OsSHL4 LOC_Os03g33650 ZmAGO7 GRMZM5G892991 
       
Clade III AtAGO4 AT2G27040 OsAGO4a LOC_Os01g16870 ZmAGO4a GRMZM2G589579 
 
AtAGO8 AT5G21030 OsAGO4b LOC_Os04g06770 ZmAGO4b GRMZM2G141818 
 
AtAGO9 AT5G21150 OsAGO15 LOC_Os01g16850 ZmAGO6 GRMZM2G347402 
 
AtAGO6 AT2G32940 OsAGO16 LOC_Os07g16224 
  
       
Clade IV 
  
OsAGO18 LOC_Os07g28850 ZmAGO18a GRMZM2G105250 
     
ZmAGO18b GRMZM2G457370 
       
Clade V AtAGO5 AT2G27880 OsAGO11 LOC_Os03g47830 ZmAGO5a GRMZM2G461936 
   
OsAGO12 LOC_Os03g47820 ZmAGO5b GRMZM2G059033 
   
OsAGO13 LOC_Os03g57560 ZmAGO5c GRMZM2G123063 
   
OsAGO14 LOC_Os07g09020 
  
   
OsMEL1 LOC_Os03g58600 
  
Note: The shadow part shows rice AGO genes. Left two columns show Arabidopsis 
AGO genes. Right two columns show maize AGO genes. 
Multiple target CRISPR/Cas plasmids were assembled as described above. 
Genes within the same phylogeny clade were selected to knock out simultaneously. 
Each plasmid contains gRNAs targeting on genes in the same clade (Table 3-2). In 
total, 9 CRISPR plasmids were designed and assembled. The plasmids were 
transferred into rice by Iowa State University Plant Transformation Facility or 
performed by our own lab. Leaves of T0 plants were sampled and tested as described 
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in individual CRISPR system, yet in multiplex targeting CRISPR systems, all targeted 
genes need to be amplified and tested in the same sample.  
T7E1 digestion and Sanger sequencing results show that all 9 constructs 
worked very well. Almost all mutants we got are di-allelic mutants, suggesting the 
high efficiency of rice CRISPR system (Table 3-3). In the previous individual gene 
knockout experiment, we did not get AGO1d and AGO4b mutant. But in the multiple 
targets system, we successfully acquired mutants for these two genes, filling the gap 
in the previous material list.  
Table 3-3 AGO gene edited by multiple targets CRISPR system.  
Targeted gene name Mutant line  Mutation detected Sequence ID 
OsAGO1a, OsAGO1b #3 OsAGO1a +1/-6 BY8971 
    OsAGO1b -33/-33 BY8973 
OsAGO1c, OsAGO1d #1 OsAGO1c -1/-5 BY7277 
    OsAGO1d +1 /-3 BY7280 
OsAGO2, OsAGO3 #8 OsAGO2 -1/-1 BY8975 
    OsAGO3 -20/wt BY8977 
OsAGO4a, OsAGO4b #7 OsAGO4a +1/-3" BY8989 
    OsAGO4b -97/-2 BY8991 
OsMEL1, OsAGO13 #2 OsMEL1 -2/-2 BY9012 
    OsAGO13 -1/+1 BY9014 
OsAGO11, OsAGO12 #1 OsAGO12 +1/+2 By9016 
    OsAGO11 -1/+1 BY9018 
OsAGO18, OsAGO15 #4 OsAGO18 -2/-10 BY9028 
    OsAGO15 -2/+1 BY9030 
OsAGO15, OsAGO16 #1 OsAGO15 -3/-21 BY9564 
  OsAGO16 -26/wt BY9562 
OsAGO1a, OsAGO1b, OsAGO1c, OsAGO1d #1 OsAGO1a -6/+1 BY8931 
    OsAGO1b -8/-8 BY8934 
    OsAGO1c -1/-1 BY8937 
    OsAGO1d -1/-2 BY8940 
Note: Only part of the mutants are shown here due to space limitations, others 
showed in Supplemental Table 3-2. 
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3.4.3 OsAGO1 quadruple mutants show multiple developmental defects 
Previous studies in Arabidopsis showed that single-copy AGO1 gene is crucial 
in plant development (Vaucheret, 2008). With a lethal phenotype in complete loss of 
function mutation, different AGO1 mutants showed a string of different phenotypes. 
The polymorphic characteristics suggest AGO1 involves in multiple processes in plant 
development. Also, it was shown that Arabidopsis ago1 mutant was deficient in RNAi 
mechanism and had lower miRNA accumulation (Fagard et al., 2000; Vaucheret et al., 
2004). In rice, studies showed that inhibition of OsAGO1 by RNAi would cause 
developmental defects and susceptibility to the virus, suggesting a role of AGO1 in 
viral resistance (Wu et al., 2015).  
Despite the important functions of AGO1 in plant development and viral 
resistance, the functional redundancy and divergence between 4 rice AGO1 
(OsAGO1a, OsAGO1b, OsAGO1c, OsAGO1d) copies is a mystery. It is known that 
gene duplications will finally result in three outcomes: neo-functionalization, 
null-functionalization, and sub-functionalization. Yet for a specific gene, a single 
gene is often mixed with multiple outcomes. We believe it would be interesting to 
look into the functional divergence of AGO1 genes in rice.  
A CRISPR construct targeting four AGO1 genes was assembled as described 
above. The plasmid was then transferred to rice Kitaake through 
Agrobacterium-mediated transformation. Screening of T0 mutants showed all four 
genes were successfully edited by CRISPR system (Table 3-3). We have noticed that 
all quadruple mutants we obtained contain at least one in-frame mutation. Because 
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complete loss of function Arabidopsis ago1 mutant cannot survive, it is conceivable 
to deduct that OsAGO1 mutants with all four genes knocked out cannot survive and 
only mutants with at least partially functional AGO1 gene can survive (Table 3-4). 
Table 3-4 AGO1 quadruple mutants’ mutation sequence change 
 OsAGO1a OsAGO1b OsAGO1c OsAGO1d 
mutant1 -6/+1 -8/-8 -1/-1 -1/-2 
mutant2 -6/-2 -11/-11 -11/-28 -2/-1 
mutant3 -6/-2 -11/-11 -54/-54 -2/-1 
 
 
Figure 3-4 AGO1 quadruple mutants show multiple developmental defects.  a: wt 
kitaake spikelet; b,d: ago1abcd spikelet with no seed fillings; c: ago1abcd leaf shows 
curled and narrow leaf phenotype; e: comparison between wt and ago1abcd. 
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The AGO1 quadruple mutants (named as ago1abcd hereinafter) show multiple 
developmental defects in both vegetative and reproductive growth (Figure 3-4). The 
quadruple mutant shows a curled leaf phenotype. Compared to wild type Kitaake, the 
ago1abcd’s leaves are narrower and curve in longitudinal direction. Besides the leaf 
dysmorphology, the ago1abcd also shows severe defect in fertility, with no fillings in 
the spikelet. Dissection of ago1abcd anther shows severe defect in anther 
development (Figure 3-5). Pollen rapid iodine staining showed that the mutant failed 
to produce pollen (Figure 3-6).   
However, we did not get such severe defect any individual OsAGO1 rice 
mutants. The single gene mutants grow normally under lab conditions. Combining the 
severe phenotypes we found in quadruple mutants, it is shown that OsAGO1a, 
OsAGO1b, OsAGO1c, and OsAGO1d have obvious functional redundancies.  
 
3.4.4 OsAGO1 double mutants show difference in pollen development  
The double mutants for OsAGO1a&OsAGO1b (named as ago1ab) and 
OsAGO1c&OsAGO1d (named as ago1cd) were screened and characterized. Both 
mutants show normal growth state with no obviously altered phenotype. Given that 
ago1abcd shows a severe defect in pollen development, we also investigated pollen 
development of ago1ab and ago1cd (Figure 3-6). ago1ab shows poor development of 
pollens, while ago1cd shows normal pollen development. The pollen in ago1ab 
shows remarked increase of dead or underdeveloped pollens. The quadruple mutant of 
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AGO1 shows most severe defect in pollen development, with no pollen observed 
under rapid iodine staining.  
 
3.4.5 Cross-experiment to create OsAGO1 quadruple heterozygous mutant 
We were excited about the phenotypes we got from ago1abcd. But the sterility 
phenotype and complicated functional redundancy among the four genes largely 
hampered our study to further understand their functional relationships. In order to 
further understand the functions of OsAGO1 genes, we decided to make OsAGO1 
quadruple heterozygous mutants by crossing.  
 
Figure 3-5 ago1abcd shows defects in anther development.  The morphology of 
ago1abcd shows a severe defect in development, but no obvious phenotype in stigma. 
(Left) Iodine stain shows ago1abcd anthers do not contain pollen. (Right) 
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Figure 3-6 Pollen developments of OsAGO1 double mutants.  ago1ab shows partial 
defects in pollen development. ago1cd shows no obvious difference with wt. ago1abcd 
has no pollen produced.  
 
 
Figure 3-7 Sequence of ago1ab× ago1cd F1 generation.  Sequences of four AGO 
genes are shown. The first line in each gene is the wild-type sequence. The rest of the 
lines show mutant sequence. AGO1c and AGO1d were di-allelic mutations and the 
two mutant alleles were shown under the wild-type sequence. F0 generation ago1cd 
contains CRISPR constructs, explaining the di-allelic mutation in OsAGO1c and 
OsAGO1d.  
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 Initially, we used the ago1abcd cross with wild-type Kitaake pollens, since 
ago1abcd does not produce pollen. Yet no seed was produced after multiple crossings. 
So, we began to use ago1ab to cross with ago1cd. T1 generation ago1ab (male) was 
used to cross with T0 generation ago1cd (female). After multiple crossing efforts, 
hybrid seeds were acquired(Figure 3-7). The ago1cd parent contains the CRISPR 
construct, which explains the di-allelic mutations in AGO1c and AGO1d. It is 
expected that the F2 generation will provide us valuable mutant materials. The 
possibility to cross between ago1ab and ago1cd has been proven, and CRISPR 
system shows efficient enough to produce mutations in the F1 generation. 
Considering that OsAGO1a and OsAGO1c are on the same chromosome (Table 3-2), 
this feature is very convenient to get different mutation combinations.  
 
3.4.6 OsAGO4a and OsAGO4b double mutant shows multiple abnormalities in 
development 
AGO4 clade has long been known for its function in DNA methylation. In 
Arabidopsis, AGO4 and AGO6 act independently in small RNA directed DNA 
methylation (Duan et al., 2015). Mutation in AGO4 clade will cause defects in ovule 
development (Hernandez-Lagana et al., 2016). Researches in maize acquired similar 
results, that mutation in ZmAGO4b (ZmAGO104, GRMZM2G141818) causes 
abnormality in meiosis and in turn shows low fertility phenotype (Singh et al., 2011). 
In rice, there has not been any report in AGO4 clade functions. With our 
CRISPR/Cas system, we managed to knock out OsAGO4a, OsAGO15, and OsAGO16 
individually. All three mutants grow normally with no obvious phenotypes. We 
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transformed CRISPR targeting OsAGO4b into rice multiple times but could not get 
any positive plants. Based on the high efficiency of our CRISPR system, we inferred 
that OsAGO4b might not be able to survive through Agrobacterium-mediated plant 
transformation. 
In turn, we built multiple target CRISPR system targeting on AGO4 clade. 
One construct targeted on OsAGO4a and OsAGO4b. Another targeted on OsAGO16 
and OsAGO15 (Table 3-3). Mutant plants were successfully acquired from both 
constructs. While no obvious phenotype was observed in OsAGO16 and OsAGO15 
double mutants, severe phenotypes including lateral root defect, low seed sets and low 
stature were found in OsAGO4a and OsAGO4b double mutants (named as ago4a/4b).  
 
Figure 3-8 OsAGO4a and OsAGO4b double mutants show multiple defects.  Left: 
ago4a/4b shows lateral roots developmental defects. Middle: scattered seeds in 
ago4a/4b shows low seed sets phenotype. The red circle shows the mature seeds on 
the ago4a/4b mutant. Right: short stature phenotype is shown in ago4a/4b. 
Two independent lines were acquired and sequenced (Table 3-3). T1 
generation was characterized. Both lines show similar phenotypes including short 
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stature and low fertility (Figure 3-8). Also, mutant roots show severe defects in 
lateral root development. This phenotype possibly explains the short stature 
phenotype, considering that the majority of plants’ nutrition is absorbed by lateral 
roots. 
 
Figure 3-9 ago4a/4b shows abnormality in stigma lateral development.  Left: 
ago4a/4b shows no obvious defect in pollen development. Middle and upper right: 
ago4a/4b shows a severe defect in stigma development. Lower right: wild-type 
stigma. 
Besides the phenotype above, ago4a/4b also shows a severe defect in stigma 
lateral development. The brush-like structure of rice stigma was disappeared in the 
ago4a/4b mutant. Such change explains the low fertility phenotype: the stigma cannot 
efficiently catch pollen (Figure 3-9). 
 
3.4.7 NAG PAM sequence as an alternative way to create mono-allelic mutant 
In the research above, we have knocked out all rice AGO genes except 
OsAGO14. We performed multiple rounds of plant transformation and failed to get 
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any mutant for OsAGO14. The same thing happened to OsAGO4b when we were 
trying to knock it out individually. Given the high efficiency of rice CRISPR system, 
it is conceivable to deduce that the two mutants cannot survive the transformation.  
And yet we still want to finish our endeavor of knocking out all AGO genes in 
rice. Also, in the previous research, the OsAGO4a mutant shows no phenotype, but 
OsAGO4b mutant cannot survive the transformation. However, the double mutant 
ago4a/4b can survive with severe defects. It is then even more interesting to 
investigate OsAGO4b single gene knockout.  
The CRISPR system is efficient enough to knock out both alleles. But to get 
the mutant we need to lower our CRISPR system’s efficiency and make mono-allelic 
knockout mutants. For this purpose, we used NAG as PAM sequence instead of NGG.  
Although S. pyogenes Cas9 favors NGG as PAM sequence, it can also 
recognize NAG with a less efficiency (Jiang et al., 2013a). NAG as PAM sequence has 
never been reported in rice CRISPR system. Here, to create the materials we want, we 
decided to use this strategy to acquire mono-allelic mutants.  
CRISPR plasmids were assembled as described above. The targets were 
selected with NAG as PAM sequence. Constructs were transferred into plants by 
Agrobacterium and T0 plants were sampled and tested.  
Two genes were targeted by independent NAG CRISPR constructs: OsAGO4b 
and OsAGO14. gRNAs were designed to target with NAG as PAM sequence 
(gAGO8F4: TGTTGACCGTTCTGAGCTTTCAAGC, gAGO8R4: 
AAACGCTTGAAAGCTCAGAACGGTC; gGAO9-F4: 
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TGTTGTAGTGATGTCTGAGCTGGC, gAGO9-R4: 
AAACGCCAGCTCAGACATCACTAC). Same procedure was performed as in NGG 
CRISPR/Cas system. In total 136 T0 plants were acquired. All plants were sampled 
and tested with T7 endonuclease I as stated above. 3 plants show a positive event. The 
3 samples were then sent to the facility for Sanger sequencing. All 3 plants were 
confirmed to be heterozygous mutants (Figure 3-10).  
 
Figure 3-10 Mutant sequence of NAG CRISPR knockout plants. The codes in brackets 
are sequence reference numbers in our lab. Underlined letters show gRNA target 
sequence. Red characters are NAG PAM sequence. In OsAGO14 the target is on the 
antisense strand with a NAG PAM sequence.  
To this moment, we have successfully knocked out all 19 AGO genes in rice 
with CRISPR system.  
 
3.4.8 Non-specificity problems in RNAi method 
In a previous research, PNH1 was knocked down by RNAi and resulted in leaf 
developmental defects. PNH1 was then named for this phenotype as its pin-head look 
(Nishimura et al., 2002). Yet in our research, no obvious phenotype was observed 
when we knocked out PNH1 by a frameshift mutation 
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Figure 3-11 Non-specificity problem of RNAi.  Up: OsPNH1 shows high similarity 
by the blast. Red part shows high similarity region. The comparison was performed 
using the NCBI Blast website. Down: AGO1 RNAi mutants in 2009 show similar 
phenotype with PNH1 mutants in 2002.  
In this case, we went back and checked the previous report on OsPNH1 gene 
knockdown. The whole cDNA of OsPNH1 was used as RNAi template. Such a 
strategy was widely used in the early years of RNAi study. The OsPNH1 cDNA is 
then 70% similar to OsAGO1 genes sequences (Figure 3-11). Research in 2009 using 
RNAi to knock down OsAGO1 shows similar phenotype with the OsPNH1 
knockdown mutant (Wu et al., 2009). With the frameshift mutants we have got, we 
believe the previous reported OsPNH1 mutant phenotype was caused by the 
non-specific effect of RNAi. 
3.4 Discussion 
Argonaute proteins play an important role in small RNA mechanisms from the 
biogenesis to target inhibition. Multiple studies have been reported in animals and 
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plants. However, very limited research has been done in rice Argonaute genes, largely 
due to the limit of available mutants. 
In our research, we successfully knocked out all 19 rice AGO genes, providing 
excellent research materials for future researchers. Such success also proves 
CRISPR’s high efficiency in rice. To get a better understanding of function 
(redundancy and/or divergence) of AGO genes, we also created double or quadruple 
mutants to understand the functional divergence and redundancy. Some of the mutants 
show very surprising phenotypes, suggesting the functions of AGO genes. 
It is not surprising that we found severe developmental defects in OsAGO1 
quadruple mutants. Researches in Arabidopsis have provided abundant evidence that 
single-copy AGO1 gene is critical in plant development (Baumberger and Baulcombe, 
2005; Bohmert et al., 1998; Fagard et al., 2000; Vaucheret et al., 2004). Previous 
research using RNAi also proved OsAGO1 was crucial in rice development and viral 
resistance (Wu et al., 2015). Yet we want to figure out how the four AGO1 genes 
work cooperatively in rice to control the development. Right now, we have known 
that knocking out one or two of the genes will not cause obviously changed phenotype, 
although we might have overlooked some trivial phenotype. Nonetheless, knocking 
out all four genes will result in failure to survive, which can be inferred from the fact 
that all mutants we got contain at least one in-frame shift mutation. These phenomena 
suggest the functional redundancy among four AGO1 genes. What interests us is the 
reason to retain functional redundancy with four copies, and the cooperative function 
between the four copies of the AGO1 gene. 
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In order to answer the question, combinations of different mutations need to 
be obtained. Current gene editing technology is either too efficient or not efficient 
enough to create a quadruple heterozygous mutant. So, we began to perform cross 
experiment between mutants trying to get quadruple heterozygous mutants. In the 
cross, we have acknowledged two facts: 1. Quadruple mutants are sterile in both male 
and female parts; 2. CRISPR is efficient enough to function in F1 generation. The 
mutant we finally acquired contains two heterozygous mutations. The next generation 
we will get mutants with only one wild-type AGO1. This is exciting because we can 
finally observe each gene’s functions without noise from other copies and figure out 
why they have so many copies. 
Besides the function in sRNA biogenesis and functions, AGO1’s function in 
Ta-siRNA is very interesting. As we stated above, AGO1 is suspiciously the only 
protein in plants that is capable to unwind double strand RNA. Then knocking out 
AGO1 may cause a complete loss of function in Ta-siRNA mechanism.  
AGO4 clade has long been known for its functions in epigenetics regulation 
like DNA methylation. AGO4 was also reported related to meiosis in Arabidopsis and 
maize (Duan et al., 2015; Hernandez-Lagana et al., 2016; Singh et al., 2011). 
Although we can guess AGO4 in rice may have a similar function, no previous 
evidence has been provided in OsAGO4’s function in rice. The double mutants we 
have acquired showed obvious lateral organ development defects in stigma and roots. 
Such phenotype is new to us and no previous study has reported AGO4 is related to 
lateral organ development.  
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Although NGG has been widely used as PAM sequence for CRISPR system, 
NAG is not the first time used as an alternative(Zhang et al., 2014b). Although it is the 
first time used as PAM sequence in rice. And, it is not until now we realize that it 
might not be a good thing when the CRISPR system is too efficient. To get 
heterozygous mutants we have to use NAG PAM sequence to reduce its efficiency. 
Obviously, this strategy works fine but not as efficient as NGG. The efficiency we 
have got is no more than 3%. Yet it is a feasible method when we need heterozygous 
mutant. 
The non-specificity problem has been realized long since RNAi was widely 
used in biology research. However, there were still a lot of data reported before we 
fully understood such mechanism. Besides the fact that knocking down is completely 
different from knocking out, we now have another reason to review our previous 
researches.  
In the end, we have successfully knocked out all 19 AGO genes in rice. Such 
work also provides a new way to look at our research. The time that one lab can 
conduct a complete research on a subject has passed. One hundred years ago when 
penicillin was invented, one scientist can perform all the work in the lab. But now 
cooperation between labs is a major way to conduct most researches. In the future, I 
believe research works will be divided into more specific areas. The development of 
bioinformatics and molecular biology not only requires us to learn more knowledge 
but also to communicate and cooperate more with each other. I believe my research 
will also support this idea in the recent future. 
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3.5 Supplementary Information 
 
Supplementary Table 3-1. Individually knocking out of AGO genes in rice  
OsAGO1a (BY4883) 
wt              
TGGAACTCAACAAGCCACTGGAGCTCCTGGACGGGGTCCTTCACAGCGACCTGAGAGAGCTCAACAGCATGGAGGTGGTGGTTGGCAACCTG
CCAATCCTCAATATGCTCAACAAGCTGGTCGTGGTGGTGGACAACACCAGGGACGTGGTGGACGTTACCAGGGTCGTGGAGGGCCAACATCA
CATCAACCAGGTGGTGGTCCGGTTGAAATCAAGCACATGAGTACTATGGCCGTGGTGTCCAACGGCAAGGAGGAATGCCACAACACAGGAGT
GGCAGTGGTGGACATGGAGTTCC  
ago1a           
-----------AAGCCACTGGAGCTCCTGGACGGGGTCCTTCACAGCGACCTGAGAGAGCTCAACAGCATGGA-------------------
--------------------------------------------------------------------------------------------
--------------------------------------------------CCGTGGTGTCCAACGGCAAGGAGGAATGCCACAACACAGGAG
TGGCAGTGGTGGACATGGAGTTCC -161/-161 
OsAGO1b(BY6130) 
wt              
GAACTGGGTCTGGCAGCACCGGTGAGAGTTCTGGAGAGGCTCCAGGAGCTCCTGGCCATGGTTCTTCACAGCGAGCTGAGAGAGGTCCTCAA
CAGCATGGGGGAGGACGTGGTTGGGTGC  
ago1b           
GAACTGGGTCTGGCAGCACCGGTGAGAGTTCT--------TCCAGGAGCTCCTGGCCATGGTTCTTCACAGCGAGCTGAGAGAGGTCCTCAA
CG-CATGGGGGAGGACGTGGTTGGGTGC -9/-9 
OsAGO1c(BY6306) 
wt     GTACCATTGGCACCAGGTGCATGGTCAAGGCCAATCATTTCTTCGCTCACCTGCCCAACAAGGATCTTCATCAC 
ago1c  GTACCATTGGCACCAGGT--------------------------------------AACAAGGATCTTCATCAC -38/-38 
OsAGO2(BY7261) 
wt 
TCAACTGTTTTTCACTATGACATAGACATCAAGCTTGATATAAGTTCCCCCAAGGCTTCAGACAAGGAGCTATCCAAGGGAGATTTTCTTAC
TGTCAAGGACGAGCTCTTCAAGGATGAGAGCTTTCGGCGGCTTTCAT 
ago2  
TCAACTGT-------------------------------------------------------------------------------CTTAC
TGTCAAGGACGAGCTCTTCAAGGATGAGAGCTTTCGGCGGCTTTCAT -79/-79 
OsAGO3(BY7262) 
wt   GGAAGTGCTCCGCCCTTGGCATGGTCATGACCCGTAAACCATGCTATGAGCATGTGTCAAATATGGAAGTGCTATCCGA 
ago3 GGAAGTGCTCCGC----GGCATGGTCATGACCCGTAAACCATGCTATGAGCATGTGTCAAATATGGAAGTGCTATCCGA -4 
     GGAAGTGCTCCGCCC-----ATGGTCATGACCCGTAAACCATGCTATGAGCATGTGTCAAATATGGAAGTGCTATCCGA -5 
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Supplementary Table 3-1. Continued 
OsAGO4a(BY7265) 
wt    AGGAAAAGGGTTAGAAGGCCATATCAGACAAAAACTTTTAAAGTTGAGCTGAACTTTGCAGCAAAAATTCCTATGAGCGCCA 
ago4a AGGAAAAGGGTTtAGAAGGCCATATCAGACAAAAACTTTTAAAG         +1 
      AGGAAAAG------AAGGCCATATCAGACAAAAACTTTT              -6 
OsMEL1(BY8869) 
wt   GCGCTCGCTACTACGTGGAAGGAGAGAGTTCGGATGGTGGCTCGACCCCTGGCAGCAGCGGGCAGGCTGTGGCGCGAGAGGG 
mel1 GCGCTCGCTACtTACTGGAAGGAGAGAGTTCGGAT                                 +1 
     GCGCTCGCTACT---TGAAAAGAAAGAATTC                                     -3 
OsAGO13(BY7816) 
wt      CTTCCAGGTTTACAATAGCTGATCTGGTGTTCCTCCCTGATCT 
ago13   CTTCCAGGTTTACAATAGCTGaATCTGGTGTTCCTCCC           +1 
OsAGO16(BY7818) 
wt     TCGTACCATCTCATCAATCTGTTTTGTAGGGCCATGGAAGAAGAAAAACC 
ago16  TCGTACCAT--------------------------GGAAGAAGAAAAACCTT  -26 
OsSHL4(BY8103) 
wt    GGTATTGATTTGCTAACAGATGGCAAGGCGCTTCA 
shl4  GGTATTGATTTGCTAA------GCAAGGCGCTTCAGGAGAAAA  -6 
OsPNH1(BY7821) 
Wt    ATGGTAGGTATGTCTCGATAGGGCGGTCGTTCTACTCGCCGGACATAAGG 
pnh1 ATGGTAGGTA---------GGGCGGTCGTTCTACTCGCCGGACATAAGG -9 
ATGGTAGGTATGTCTCG--------TGTGGGTACT-ACC-----AAAG  -14 
OsAGO17(BY8124) 
wt      GATTGGCGAAAGTTGCATTGTGAGGACAAATTGTTTCAGTGTTCATCTGGAGTCTTTGGATGAT 
Ago17  GATTGGCGAAAGTTGCATTtGTGAGGACAAATTGTTTCAGTGTTCATCTGGAGTCTTTGGATGAT  +1 
GATTGGCGAAAGTTGC---GTGAGGACAAATTGTTTCAGTGTTCATCTGGAGTCTTTGGATGAT   -3 
OsAGO12(BY8245) 
wt     GCACAAACAATTCTTGGATGGTAGGTTACCT….AGCACATTAATCCTTTGAGGGGTAACCAACGGTAT 
ago12 GCACAAACAATTCTTtGGATGGTAGGTTACCT…AGCACATTAATCCTT-GAGGGGTAACCAACGGTAT   +1, -1 
GCACAAACAATTCTTgGGATGGTAGGTTACCT…AGCACATTAATCCTT--------AACCAACGGTAT  +1, -8 
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Supplementary Table 3-1. Continued 
OsAGO11(BY9019) 
wt     
AGAGAGGAAACCAGGGGTAATGTCTTCCTGTCCATGTGTTCCTTTTGTACCTAGCTATTGTCATTGTGCATTGCATTGATTTTTTTTTCTCC
AGGGAGAAAGAGTTCAAAGTGACCATAAAGTGTGCTGGTGCTGCAAACTTATATATGCACAGCCTTAAGCAATTCTTGGCTGGTAGGCAGAG
AGAG 
Ago11 AGAGAGGAA-CCAGGGGTAATGTCTTCCTGTCCATGTGTTCCTT   -1 
       AGAGAGGAA-----------154nt-------------TTCTTGGCTGGTAGGCAGAGAGAG   -154 
OsAGO18(BY8659) 
wt    TTGATGAGGACCCTTAAGGGTGTTAAGGTTGAAGTCACTCACCGAGGAAATCTACGCAAGAA 
ago18 TTGATGAGGACCCTTAAGGGTGtTTAAGGctcAAGTCACTCACCGAGGAAATC   +1 
 TTGATGAGGACCCTTAAGGGTG--------GAAGTCACTCACCGAGGAAATC    -8 
OsAGO15(BY9030) 
wt     GAATACTACAGGAAGAATTGGAAAATAGATTTGAAGGGATCTGCTCACTTTCCCTGTCTAAATGTTGGGAAGCCAAAGCGGCCAAC 
ago15  GAATACTACAGGAAaGAATTGGAAAATAGATTTGAAGGGATC    +1 
        GAATACTACAGGAAGtAATTGGAAAATAGATTTGAAGGG        +1 
 
 
 
 
 
 
 
 
 
 
 
 
81 
 
Supplementary Table 3-2. Multiple targeted CRISPR AGO mutants 
Targe gene Line number Mutation detected Sequence ID 
OsAGO1a, OsAGO1b #3 A1 OsAGO1a "+1/-6" BY8971 
      OsAGO1b "-33/-33" BY8973 
  #5 L3 OsAGO1a "+1/-4" BY8972 
      OsAGO1b "-33/-33" BY8974 
 #3 C6 OsAGO1a "-2/+1" BY9010 
      OsAGO1b "-3/-14" BY8983 
  #5 L1 OsAGO1a "-3/+1" BY9011 
      OsAGO1b "-33/+2" BY8984 
OsAGO1c, OsAGO1d #1  OsAGO1c “-1/-5” BY7277 
     OsAGO1d “+1/-3” BY7280 
OsAGO2, OsAGO3 #8 V4 OsAGO2 "-1/-1" BY8975 
   OsAGO3 "-20/wt" BY8977 
 #6 W1 OsAGO2 "-1/+1" BY8976 
   OsAGO3 "-1/wt" BY8978 
OsAGO4a, OsAGO4b #7 G5 OsAGO4a "+1/-3" BY8989 
      OsAGO4b "-97/-2" BY8991 
  #8 M4 OsAGO4a "+1/-2" BY8990 
      OsAGO4b "-91/+1" BY8992 
OsMEL1, OsAGO13 #2 O3 OsMEL1 "-2/-2" BY9012 
   OsAGO13 "-1/+1" BY9014 
 #3 P1 OsMEL1 "-1/+1" BY9013 
   OsAGO13 wt BY9015 
 #3 P2 OsMEL1 "-1/-8" BY9074 
   OsAGO13 "-1/-2" BY9075 
OsAGO12, OsAGO11 #1 Q1 OsAGO12 "+1/+2" By9016 
      OsAGO11 "-1/+1" BY9018 
  #2 S5 OsAGO12 "+2/+2" BY9017 
      OsAGO11 "-1/-155" BY9019 
OsAGO18, OaAGO15 #4 J1 OsAGO18 "-2/-10" BY9028 
   OsAGO15 "-2/+1" BY9030 
 #5 I4 OsAGO18 "-305/-305" BY9029 
   OsAGO15 "+1/+1" BY9031 
OsAGO1a, OsAGO1b, OsAGO1c, OsAGO1d #1 a OsAGO1a "-6/+1" BY8931 
   OsAGO1b "-8/-8" BY8934 
   OsAGO1c "-1/-1" BY8937 
   OsAGO1d "-1/-2" BY8940 
 #2 b OsAGO1a "-6/-2" BY8932 
   OsAGO1b "-11/-11" BY8935 
   OsAGO1c "-11/-28" BY8938 
   OsAGO1d "-1/-2" BY8941 
 #3 c OsAGO1a "-6/-2" BY8933 
   OsAGO1b "-11/-11" BY8936 
   OsAGO1c "-54/-54" BY8939 
   OsAGO1d "-1/-2" BY8942 
 #2  parent OsAGO1a "-6/+1" BY9083 
   OsAGO1b "-1/+1" BY9084 
   OsAGO1c "+1/-20" BY9085 
   OsAGO1d "-39/wt" BY9086 
OsAGO16, OsAGO15 #13  OsAGO16 “-26/wt” BY9562 
   OsAGO15 “-3/-21” BY9564 
   OsAGO16 “wt” BY9563 
   OsAGO15 “+1/-2” BY9565 
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Supplementary Table 3-3. Primers used in CIRPSR constructs assembly. 
AGO1-F2 tgttGCACATGAGTACTATGGCCG 
AGO1-R2 aaacCGGCCATAGTACTCATGTGC 
AGO1-F3 gcttGGAATGCCACAACACAGGAG 
AGO1-R3 aaacCTCCTGTGTTGTGGCATTCC 
gAGO2-R2 aaacTGCTGTTGAGGACCTCTCTC 
gAGO3-F1 tgttGTACCATTGGCACCAGGTGCA 
gAGO3-R1 aaacTGCACCTGGTGCCAATGGTAC 
gAGO3-F2 gtgtgCTTCGCTCACCTGCCCAACA 
gAGO3-R2 aaacTGTTGGGCAGGTGAGCGAAGc 
gAGO4-F1 tgttgAAGACTGCCTGGGTTTGGTG 
gAGO4-R1 aaacCACCAAACCCAGGCAGTCTTc 
gAGO4-F2 gtgtGGAGGAGCAGGCTACTACCA 
gAGO4-R2 aaacTGGTAGTAGCCTGCTCCTCC 
gAGO5-F1 tgttGGGAGATTTTCTTACTGTCA 
gAGO5-R1 aaacTGACAGTAAGAAAATCTCCC 
gAGO5-F2 gtgtgTTCAGACAAGGAGCTATCCA 
gAGO5-R2 aaacTGGATAGCTCCTTGTCTGAAc 
gAGO6-F1 tgttGAAGTGCTCCGCCCTTGGCA 
gAGO6-R1 aaacTGCCAAGGGCGGAGCACTTC 
gAGO6-F2 gtgtGCTATGAGCATGTGTCAAATA 
gAGO6-R2 aaacTATTTGACACATGCTCATAGC 
gAGO7-F1 gtgtGACAGGAAAAGGGTTAGA 
gAGO7-R1 aaacTCTAACCCTTTTCCTGTC 
gAGO7-F2 tgttGCCATTGCTCAGGCCTTGAG 
gAGO7-R2 aaacCTCAAGGCCTGAGCAATGGC  
gAGO8-R2 aaacGTTGAAACATCCTCCAACAC 
gAGO9-F1 tgttGTAGTGATGTCTGAGCTGGCC 
gAGO9-R1 aaacGGCCAGCTCAGACATCACTAC 
gAGO9-F2 gtgtGCAAGGCCCTGTACACTGC 
gAGO9-R2 aaacGCAGTGTACAGGGCCTTGC 
gAGO10-F1 tgttGATGTCACACACCCTCCACC 
gAGO10-R1 aaacGGTGGAGGGTGTGTGACATC 
gAGO10-F2 gtgtgATTCCGCGCTCGCTACTACG 
gAGO10-R2 aaacCGTAGTAGCGAGCGCGGAATc 
gAGO11-F1 tgttGAACAACATATCAGATCATT 
gAGO11-R1 aaacAATGATCTGATATGTTGTTC 
gAGO11-F2 gtgtGGTTTACAATAGCTGATC 
gAGO11-R2 aaacGATCAGCTATTGTAAACC 
gAGO12-F1 tgttgCAATCTGTTTTGTAGGGCCA 
gAGO12-R1 aaacTGGCCCTACAAAACAGATTGc 
gAGO12-F2 gtgtGAACTCCAAGCTTTCAT 
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The primers were designed with overhang matching the gRNA expression cassette. F 
and R primers were annealed and form a double strand DNA fragment. The fragment 
will then be ligated into the gRNA expression cassette.  
 
 
 
 
 
 
 
 
 
gAGO12-R2 aaacATGAAAGCTTGGAGTTC  
gAGO13-F1 tgttGATTTGCTAACAGATGGCA 
gAGO13-R1 aaacTGCCATCTGTTAGCAAATC 
gAGO13-F2 gtgtGACATGGGTGGTGTTGAG 
gAGO13-R2 aaacCTCAACACCACCCATGTC 
gAGO14-F1 tgttGGTAGGTATGTCTCGATA 
gAGO14-R1 aaacTATCGAGACATACCTACC 
gAGO14-F2 gtgtGGCCTACAGTCATGGTGT 
gAGO14-R2 aaacACACCATGACTGTAGGCC 
gAGO15-F1 tgttGGCGAAAGTTGCATTGTG 
gAGO15-R1 aaacCACAATGCAACTTTCGCC 
gAGO15-F2 gtgtGTGTTCATCTGGAGTCTT 
gAGO15-R2 aaacAAGACTCCAGATGAACAC 
gAGO16-F1 tgttGCACAAACAATTCTTGGA 
gAGO16-R1 aaacTCCAAGAATTGTTTGTGC 
gAGO16-F2 gtgtGCACATTAATCCTTTGAG 
gAGO16-R2 aaacCTCAAAGGATTAATGTGC 
gAGO17-F1 tgttGACCCTGAGAGAGGAAACCA 
gAGO17-R1 aaacTGGTTTCCTCTCTCAGGGTC 
gAGO17-F2 gtgtGCACAGCCTTAAGCAATTCT 
gAGO17-R2 aaacAGAATTGCTTAAGGCTGTGC 
gAGO18-F1 tgttGGACCCTTAAGGGTGTTA 
gAGO18-R1 aaacTAACACCCTTAAGGGTCC 
gAGO18-F2 gtgtGCCTGCAAGTTGGCAGCA 
gAGO18-R2 aaacTGCTGCCAACTTGCAGGC 
Supplementary Table 3-3. Continued 
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CHAPTER 4. GENERAL CONCLUSIONS  
 
Abstract 
In this chapter, I will discuss the reason and meaning of building an AGO 
mutant library in rice. The AGO mutant library, which serves as a material resource 
for future researchers, is not only important for depicting an accurate map of rice 
AGO gene function and small RNA mechanism, but also a first step to build a larger 
scale rice mutant library. Also, in this chapter, I will provide perspective of the 
phenotypic AGO mutants we have acquired, including a potential interaction of 
AGO4 with origin recognition complex (ORC) in plants. Moreover, I will also 
describe possible measures to improve gene editing technologies by tapping into 
molecular mechanisms of rice double-strand break repair mechanism. In total, the 
work we have done, both the mutants we acquired and the gene editing technology we 
have developed, will make rice serve as a more accessible model plant in the future.  
4.1 Introduction 
The gene number variations in AGO genes between species, the crucial role of 
AGO as RISC component, and their key roles in small RNA biogenesis and functions 
show that AGO genes function cooperatively in a complicated network. Such a 
critical role warrants the research endeavor in AGO researches. However, lacking 
proper AGO mutants in rice hurdled the research of AGO gene function. Previous 
studies of rice AGO genes using RNAi approach, albeit working in some cases, 
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showed serious non-specificity issue (Figure 3-11). A more reliable and larger scale 
mutant library is necessary for future studies.  
Comparing to Arabidopsis, which has 10 AGO genes all mutated, the 
collection of rice AGO mutants is very limited (Table 3-1). The gene number 
variation between Arabidopsis and rice may suggest the function divergence of 
related AGO genes between two species. For example, previous studies showed that 
knocking out AGO7 in Arabidopsis resulted in a defect in leaf morphology 
(Montgomery et al., 2008). However, the knockout of AGO7 orthologous gene in rice, 
SHL4, would result in a shootless phenotype (Satoh et al., 1999). In the following 
researches, we would expect more such functional divergence to be discovered in rice 
AGO genes. 
Rice, as one of the major crops, provides food for over half of the world’s 
population. Recently, rice is adopted as a monocot model plant by more and more 
laboratories. The researches in rice contribute not only to rice, but also many other 
species of crop improvement. In recent years, the study of small RNAs in rice stayed 
a hot topic, while the components of RISC remain mysterious. Data from various 
studies showed contradictory results (Kobayashi and Tomari, 2016). Besides the 
limitations of in vitro conditions and variations in experimental design, it is also 
possible that RISC components are variable under different plant stresses and 
environmental conditions, or even in a constantly dynamic state.  
The establishment of AGO mutant library, besides providing future 
researchers excellent materials to study, is the initial step to address these questions. 
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While new discoveries will be found in the research process of the AGO mutants, the 
data like small RNA accumulation in AGO mutants, binding preference of small 
RNAs specific to Argonaute proteins, interactions of Argonaute proteins with other 
RISC components, and functional redundancy and compensatory mechanism between 
AGO genes will be disclosed. Finally, a more detailed map of small RNA 
mechanisms in rice will be achieved. 
4.2 Small RNA biogenesis and functions in AGO mutants 
As we mentioned in chapter 3, AGO proteins participate in both small RNA 
functions and biogenesis. The small RNA binding preference, however, is largely 
unknown. Although previous researches have provided that 5’ termini are the 
determinants in preference associated with Argonautes (e.g., AGO1 favors uridine, 
AGO5 favors cytosine, AGO2 and AGO4 favor adenosine) (Mi et al., 2008), the 
merely 4 types of nucleotides can barely explain the 19 Argonaute proteins’ binding 
activity.  
To understand the Argonaute proteins’ preference in recruiting small RNAs, 
RNA pull-down experiment is proposed. The sequence and structural similarity 
between Argonaute proteins would probably hamper the pull-down experiment. 
Instead of developing antibodies against certain Argonaute proteins, it is more 
practical to introduce a tag on target Argonaute protein. As we expect to find large 
functional redundancy of AGO genes, the binding preference of miRNAs may be 
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dynamic and compensated by other Argonaute proteins, which can be avoided by 
using the mutants we have created. 
Tagged AGO proteins can be transferred to the relative mutants, e.g. 
Tag-AGO18 transferred to ago18 mutant, and pull-down experiment can be 
performed to take advantage of the tag (Wang et al., 2011). By using the AGO mutant 
library, noise from endogenous AGO genes can be ruled out. The preference of AGO 
proteins to miRNAs will be revealed.  
 
Figure 4-1. An experiment strategy for sRNA pull-down in the genetic background of 
AGO mutant library using AGO1 as an example. 
Among all AGO genes, phenotype of AGO1 mutants bears the most noticeable 
defects. AGO1 in Arabidopsis is the single copy gene, while there are four copies of 
AGO1 in rice. As shown in chapter 3, the AGO1 quadruple mutants show multiple 
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defects in both development and fertility. In Arabidopsis, AGO1 mutation caused a 
series of phenotypes with multiple defects (Vaucheret, 2008). 
Nonetheless, the four copies of AGO1 make it hard to perform this pull-down 
experiment without complication of each other. Our data has shown that the four 
copies of rice AGO1 genes have obvious functional redundancy to each other. 
Pull-down experiment performed in single gene mutant would be interfered by noise 
from the other 3 AGO1 genes. To address this question, a pull-down experiment is 
designed as in Figure 4-1. A tagged AGO1, AGO1a, for example, named 
TagAGO1a, is transferred to mutant AGO1a/ago1a, ago1b/ago1b, ago1c/ago1c, 
ago1d/ago1d. One of the AGO1 genes is preserved because the quadruple mutant will 
not survive. In T1 generation, plants with TagAGO1a positive and knockout of all 
four endogenous AGO1 genes are identified and used for pull-down experiment. Such 
a method can be used to any other AGO1 gene. With this measure, noise from other 
AGO1 genes will be avoided and functional redundancy between the four copies of 
AGO1 genes would be explained.  
However, the pull-down experiment needs to be performed in both temporal 
and spatial caution. As we are aware that miRNAs and AGO genes are expressed 
variously in different time and organs, the sampling time and organs will determine 
the expression level and results. It is then recommended to sample from highest 
expression time and space in each AGO gene so that the pull-down experiment result 
can be optimized (Supplementary Table 4-1).   
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4.3 AGO1: the unwinding Argonaute 
In the biogenesis of miRNAs, the loop structure of miRNAs weakens the 
binding force between duplex miRNAs, making the unwinding activity easier than 
siRNA and ta-siRNA duplex, which are perfectly complementary and bound with a 
stronger force. In animals, the perfectly complementary siRNA duplex is considered 
to be unwound by AGO2’s cleavage activity (Leuschner et al., 2006; Matranga et al., 
2005; Miyoshi et al., 2005; Rand et al., 2005). In plants, AGO1 is reported to be 
critical to unwind siRNAs in Arabidopsis (Derrien et al., 2018). Knocking out AGO1 
in Arabidopsis, however, will cause not only a defect in RNAi, but also a defect in 
ta-siRNA pathways. The endogenous siRNAs actively participate in plant 
development and the knockout of AtAGO1 would result in a non-survival phenotype.  
In rice, there are four copies of AGO1 gene: AGO1a, AGO1b, AGO1c, and 
AGO1d. Inhibition of AGO1 genes will increase susceptibility to the virus (Wu et al., 
2015). However, AGO1’s function in unwinding perfectly complementary small RNA 
duplex has not been proved directly. One of the technical obstacles is that the four 
AGO1 genes in rice, as we have shown in Chapter 3, have functional redundancy to 
each other. While complete knockout of AGO1 genes will result in a non-survival 
phenotype, partially functional change of certain AGO1’s protein domain has proven 
to be effective in studying AGO1’s unwinding activity in Arabidopsis AGO1 research 
(Derrien et al., 2018). Nonetheless, the manipulation of any AGO1 protein’s 
functional domains would require the exclusion of other AGO1 proteins from 
compensating redundant activities.  
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The quadruple mutant in AGO mutant library, as we described before, 
provides the possibility to perform this research in rice. The transformation of 
synthetic AGO1 genes into quadruple mutants, either into quadruple mutant calluses 
or into heterozygous calluses and screening for presence of transgene and 
homozygous mutant in later generations, would show in vivo data as for how rice 
AGO1 interact and unwind small RNA duplex. Previous studies in Arabidopsis have 
already shown that single point mutation will compromise AGO1’s RNA unwinding 
activity (Derrien et al., 2018). It would then be interesting to find out how the 
sequence and protein manipulation will change AGO1’s functions in rice, while the 
four copies of this gene would certainly make the situation much more complicated. 
4.4 Both SHL4 and miR390 mutants have defects in SAM  
Previous studies in Arabidopsis showed that miR390 binds specifically to 
AGO7 and such binding activity showed reciprocal specificity (Montgomery et al., 
2008). The orthologues gene of AtAGO7 in rice, SHL4, was then generally considered 
to have similar high selectivity to miR390.   
Nonetheless, ago7 mutant in Arabidopsis shows defects in leaf morphology 
instead of severe SAM defect as we got from SHL4 mutants (Montgomery et al., 
2008; Nagasaki et al., 2007). Such inconsistency in phenotype raises the question on 
selectivity of miR390 and AGO7 or roles in regulation SAM initiation and 
development.  
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As described in chapter 2, the two-base pair deletion of miR390 will cause 
severe defects in SAM development, which is consistent with SHL4 mutant 
phenotype. This result supports the theory that AGO7 and miR390 are highly selective 
to each other.  
Previous researches in rice SHL4 mutant show that SHL4 gene regulates 
HD-ZIPIII genes expression and loss of function of SHL4 would cause SAM defects 
(Nagasaki et al., 2007). The defects in the TAS pathway lead to the upregulation of 
ETTI/ARF genes expression, while miR166, a suppressor of HD-ZIPIII, was detected 
to increase in abundance in the mutant. It was then determined that the imbalance of 
HD-ZIPIII and ETTI/ARF in the SHL4 mutant caused SAM defects in SHL4 mutant.  
4.5 AGO4: the DNA methylation Argonaute 
Evidence has shown that AGO4 clade plays a critical role in RNA-directed 
DNA methylation (RDDM) in Arabidopsis (Duan et al., 2015; He et al., 2009). The 
methylation state change causes a transgenerational effect in Arabidopsis and results 
in abnormalities of megaspore development (Hernandez-Lagana et al., 2016).  
The rice AGO4 clade, which contains OsAGO4a, OsAGO4b, OsAGO15, and 
OsAGO16, was reported to perform RNA-directed DNA methylation through long 
miRNAs (24 nt in length)(Wu et al., 2010). The loading of long miRNAs into AGO4 
proteins, unlike the 5’ terminal rule as previously reported, does not have a preference 
on the first nucleotide of miRNAs.  
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Nonetheless, the transgenerational effect of AGO4’s methylation function has 
not been reported, mostly due to lack of proper mutants. As we have got the 
individual mutant: ago4b, ago15, and ago16, plus the double mutants: ago4aago4b 
and ago15ago16, it would be interesting to investigate the methylation state and 
transgenerational phenotypes of the mutants.  
The short stature, low fertility and lateral roots defect, as we have observed in 
CRISPR/Cas induced ago4aago4b mutants, has never been reported to be associated 
with AGO4. Nonetheless, similar phenotypes like underdeveloped lateral roots, short 
stature, and low seed set were reported in rice OsORC3 mutants (Chen et al., 2013), 
although rice orc3 RNAi mutants did not show stigma abnormality.  
Knocking out AGO4 in Arabidopsis would cause a decrease in DNA 
methylation, histone H3 lysine-9 (H3K9) methylation (Duan et al., 2015; Zilberman et 
al., 2003), and increased histone H3 lysine 4 (H3K4) trimethylation(Au et al., 2017). 
On the other side, the orthologous gene of OsORC3 in Arabidopsis, AtORC3, was 
identified to play a central role maintaining origin recognition complex (ORC) 
associations. The ORC, which is composed of different ORC subunits, is associated 
with DNA methylation, H3K4 trimethylation, and H3k9 methylation either directly or 
mediated by pre-RC (pre-replication complex) (Brasil et al., 2017). The H3K9 
methylation was reported to control root hair architecture (Caro et al., 2007). 
Knocking out of ORC2 in yeast will result in an abolishment of H3K4 trimethylation 
(Kan et al., 2008).  
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In human, telomeric repeat-containing RNAs (TERRA) were recognized as a 
scaffold for interactions between telomere-binding proteins and ORC1 (Deng et al., 
2009). Human Argonaute-1 was recognized as a critical component in the 
RNA-induced initiation of transcriptional gene silencing (RITS) (Verdel et al., 2004). 
Enrichment of human Argonaute-1, which interacts with RNA polymerase II (PolII), 
is related to increased H3K9 methylation and HP1 association (Ho et al., 2008). 
Coincidentally, AGO4 in Arabidopsis was also reported to co-localize with PolII and 
related to H3K9 methylation as we have mentioned.  
With the above information, it is then conceivable to propose that rice AGO4 
directly, or indirectly, interacts with ORC and PolII and cooperatively regulate the 
methylation of DNA and histones with a mechanism similar with RITS in human cells. 
The miRNA bound to AGO4 might function similarly as siRNA in RITS. Knocking 
out AGO4, as we have done in our research, would result in dysfunction of 
AGO4/ORC mechanism and disrupt DNA and histone methylation status, including 
H3K9 methylation which controls root pattern. The similar phenotypes showed by our 
ago4aago4b and the reported rice orc3 mutants support this hypothesis. However, 
more experiments need to be done to confirm this hypothesis. 
4.6 OsAGO1: Another potential critical member in RDDM 
Besides the above hypothesis in AGO4, another interesting fact points to a 
fascinating research direction. We have already known that AGO2 is crucial in animal 
RNAi due to its unique unwinding activity (Leuschner et al., 2006; Matranga et al., 
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2005; Miyoshi et al., 2005; Rand et al., 2005). However, AGO1 in animal cells is 
critical in RITS, which is induced by siRNA (Verdel et al., 2004). Inhibition of either 
AGO1 or AGO2 can reverse RITS in human cells (Janowski et al., 2006).   
In plants, the RDDM is directed by miRNA and ta-siRNA (Matzke and 
Mosher, 2014). Ta-siRNA requires AGO1 to unwind due to its perfect matching 
duplex while AGO4 is crucial to RDDM. It is then interesting to study methylation 
status of AGO1 mutants we have acquired.  
4.7 Possible measures to improve gene editing efficiency 
TALENs, as a fusion protein of AvrXa7 and FokI, has been proven to capable 
of editing rice genome DNA (Hopkins et al., 1992; Li et al., 2011b; Li et al., 2012; Li 
and Yang, 2013; Yang et al., 2000). However, the efficiency varies depending on 
genes and organisms. Recently, Cai etc. reported that avrXa7’s virulence can be 
enhanced by TAL7 (Cai et al., 2017). By inducing expression of Os09g29100, TAL7 
can suppress avrXa7-Xa7 mediated defense in rice. Whether Os09g29100 and TAL7 
can enhance TALEN efficiency, which is a fusion protein of AvrXa7 and FokI, has 
not been reported. 
CRISPR/Cas is an efficient gene editing tool widely used in different 
organisms. However, the low efficiency in HDR hampers its utilization. Since the first 
report of CRISPR/Cas system’s utilization in HDR mechanism(Cong et al., 2013), 
multiple methods have been reported to increase the efficiency of HDR. Inhibition of 
ligase IV and KU70 in animal cells can increase HDR efficiency up to 19 folds (Chu 
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et al., 2015; Maruyama et al., 2015). And by covalent tethering DNA template with 
Cas9 and colocalize the DNA in the cutting site, HDR efficiency was reported to 
increase by 30 folds (Aird et al., 2018). Due to the reason that HDR mostly happen in 
S and G2 period of the cell cycle, controlling of CRISPR/Cas delivery timing can also 
enhance HDR efficiency (Lin et al., 2014). In plants, Arabidopsis ku70 mutant shows 
a 16-fold enhancement in HR after induction of DSB by ZFN (Qi et al., 2013), but it 
is not reported whether Arabidopsis ku70 mutant can also increase the efficiency of 
HDR by donor DNA.  
4.8 Concluding remarks 
Rice, as both a crop and model plant, has become more and more popular in 
research and food choice. However, lack of a mutant library as in Arabidopsis (TAIR 
e.g.) has limited its research. Taking advantage of gene editing technology, 
researchers now can easily acquire any mutant they want. However, it would be more 
convenient if the mutants can be got from an open source of mutant library.  
The AGO mutant library is not only the first step to disclose small RNA 
mechanisms in rice, but also an initial step to build an open rice mutant library. With 
our data, it is clearly proven that CRISPR/Cas in rice is efficient enough to realize a 
precise gene editing mutant library like in Arabidopsis. Besides providing general 
mutants, it is also possible to provide customized mutants as requested. 
The gene editing technique we have discussed, including the efficient 
CRISPR/Cas technique and less efficient NAG CRISPR/Cas for mono-allelic mutant, 
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will serve for the establishment of mutant library. At the same time, it is also 
necessary to study and improve gene editing technology like HDR and base editing in 
rice. Researchers in this project will not only contribute to the library building, but 
also make new discoveries in both gene editing technology and rice biology.  
While providing high-level researchers opportunities to study rice, the project 
will also provide chances for entry-level researchers. The AGO mutant library, for 
example, is supposed to eventually reach the step of random crossing among all 19 
AGO genes. Although we have created multiple mutants by clades, it also needs to be 
remembered that clade does not always represent functional divergence. A randomly 
crossed AGO mutant library will then, besides providing job opportunities, be 
necessary to push our understanding in the functional divergence of AGO genes in 
rice.  
In the process of establishing the mutant library, systems of cultivating adult 
plants from protoplast are extremely valuable and recommended to be a parallel 
project with CRISPR mutant screening. Previous studies in tobacco have successfully 
proved that premixed Cas protein and guide RNA complex (ribonucleoprotein) of 
CRISPR induced mutation can be maintained in adult plants recovered from 
protoplast (Lin et al., 2018). Not only such method would reduce the cost from tissue 
culture, but also protoplast does not retain any exogenous DNA after the editing, 
saving the efforts to segregate out the T-DNA as in Agrobacterium-mediated 
transformation. Moreover, protoplast allows expression of multiple plasmids 
simultaneously, suggesting its potential in HDR and gene stacking.  
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In total, we are already one foot in the process of building the rice mutant 
library. The initial data has shown that it is very realistic to build a rice mutant library 
with our current gene editing technology. Meanwhile, new discoveries and gene 
editing technology improvement made by researchers will make the project a 
self-supporting project, reducing the cost of building and making it easier to be an 
open library resource. We hope to attract more and more researchers to this and 
related projects, and together we can push our knowledge in rice genetics forward.  
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4.9 Supplementary Information 
Supplementary Table 4-1 Temporal and spatial expression of rice AGO genes 
Gene Name 
OsAGO1
a 
OsAGO1
b 
OsAGO1
c 
OsAGO1
d 
OsAGO2 OsAGO3 
OsAGO4
a 
OsAGO4
b 
OsAGO1
4 
OsMEL1 
OsAGO1
3 
OsAGO1
6 
SHL4 OsPNH1 
OsAGO1
7 
OsAGO1
2 
OsAGO1
1 
OsAGO1
8 
OSAGO1
5 
Gene Locus 
LOC_Os0
2g45070 
LOC_Os0
4g47870 
LOC_Os0
2g58490 
LOC_Os0
6g51310 
LOC_Os0
4g52540 
LOC_Os0
4g52550 
LOC_Os0
1g16870 
LOC_Os0
4g06770 
LOC_Os0
7g09020 
LOC_Os0
3g58600 
LOC_Os0
3g57560 
LOC_Os0
7g16224 
LOC_Os0
3g33650 
LOC_Os0
6g39640 
LOC_Os0
2g07310 
LOC_Os0
3g47820 
LOC_Os0
3g47830 
LOC_Os0
7g28850 
LOC_Os0
1g16850 
Leaf 
blade 
vegeta
tive 
12:00 3368.7 1934.3 286.16 689.8 893.02 100.94 12954 3866.1 4.7134 21.057 264.75 955.46 6.1953 4082.4 102.01 4.7298 4.4171 144.3 121.32 
0:00 6316 3536.7 516.56 2632.3 1143.6 157.63 17211 5597.9 4.1318 55.404 501.94 660.26 10.253 1092.5 159.65 6.4546 3.7682 339.1 161.02 
reprod
uctive 
12:00 8044.3 1510.2 519.51 3170.1 1834.2 178 17701 7532.8 4.3919 8.3964 227.07 893.55 6.5478 985.36 93.373 4.1926 4.085 646.13 219.69 
0:00 9292 2617.8 648.18 3870.8 1286.7 64.376 22301 7289.9 3.5436 9.4933 275.49 1085.3 4.4676 533.24 116.84 3.3775 3.8369 1824.7 200.34 
ripeni
ng 
12:00 1906.2 1252.4 274.63 2884 1448.7 316.7 9503 4225.8 5.3864 143.19 141.9 538.03 6.4289 712.03 113.21 6.0377 4.9904 843.1 167.27 
0:00 3400.3 1493.8 354.74 5791.7 1089.1 164.47 16308 6602.6 4.5227 159.51 158.43 475.87 5.9869 722.41 279.69 4.0345 4.1029 794.73 359.87 
Leaf 
sheath 
vegeta
tive 
12:00 4122.2 3005.8 722.32 4074.3 2691.5 223.97 12657 7757.4 6.275 50.461 128.08 527.87 110.57 2098.2 42.261 9.0709 3.1036 345.92 258.87 
0:00 12559 12016 2281.1 9391.9 1727.2 224.65 28797 17727 10.771 137.49 315.24 973.43 140.55 3534.1 109.35 15.234 4.6802 323.6 741.67 
reprod
uctive 
12:00 426.64 149.25 41.37 191.37 298.48 8.2467 1291.4 578.91 1.9116 2.3703 30.13 71.94 2.5976 20.105 2.5118 1.8193 1.7488 85.287 5.8107 
0:00 2034.4 901.56 304.29 1196.9 1293.7 50.999 9040.6 3960.7 2.456 4.0661 50.747 305.2 3.2252 165.78 21.063 2.5164 2.2213 1185 82.412 
Root 
vegeta
tive 
12:00 14327 5052.1 681.06 4334.3 4215.3 2657.5 13747 14531 178.1 101.47 251.51 878.32 212.2 1315.4 8.143 50.144 679.34 2437.1 537.13 
0:00 12025 4640 785.8 4432.6 2051.1 1278.5 12796 13622 337.74 113.19 275.69 846.57 250.97 1072.2 16.298 25.829 1386.8 2349.5 471.1 
reprod
uctive 
12:00 7114.8 2621.1 313.87 2942 3498.7 1286.5 6283.8 8762.8 243.65 32.389 238.53 640.02 55.753 400.27 8.5869 39.167 419.99 2063.1 286.99 
0:00 7269 2707 415.98 4499.2 1731.6 862.64 8690.5 9194.5 566.45 52.813 339.13 862.63 40.708 482.1 6.7022 15.98 692.27 2623 260.75 
Stem 
reprod
uctive 
12:00 9209.1 10140 3644.2 15857 10868 1612.7 31490 21285 12.399 322.89 250.02 1581.2 77.561 3586.5 174.75 3.6708 5.6631 279.39 891.29 
0:00 20822 7727.5 980.54 30595 6508.2 2005.5 22606 13566 5.5548 80.726 374.26 1623.3 193.3 1785.7 243.07 5.5502 5.5037 467.3 417.67 
ripeni
ng 
12:00 16415 4841.2 638.94 8414.7 14964 6147.2 21122 6566 5.2379 33.236 105.13 659.6 7.8983 1152.4 78.756 4.9493 4.8869 243.09 396.28 
0:00 12321 3138.9 417.7 5584.7 6031.9 2294.8 18454 5146.3 3.357 9.4266 143.51 556.19 25.837 462.01 68.355 5.6931 2.9415 382.84 264.13 
Inflorescence 
0.6-
1.0 
m
m 
  21768 57445 3891.8 35340 3748.8 77.007 87649 59016 10.416 978.22 609.74 2680.7 1091.3 9846.4 1460.3 10.123 10.042 1282.3 1878.4 
3.0-
4.0 
m
m 
  28390 63286 5104.5 51009 4475.1 160.66 108350 76325 28.317 10029 796.05 3734 1877.9 14862 1966.9 6.1699 5.9929 1348.7 3477.9 
5.0-
10.0 
m
m 
  29666 55259 5013.6 63782 4297.6 164.02 107820 82430 171.63 21757 799.57 3770.6 1423.1 16444 1694.3 10.092 10.073 1580 3445.2 
Anther 
0.3-
0.6 
m
m 
  16960 25041.5 2869.75 111080 1759.7 126.32 61942 25333 126.51 46984.5 486.42 2964.25 649.71 9336.45 757.75 16.801 3.40725 1135.04 586.255 
0.7-
1.0 
m
m 
  22984 21513 3635.9 82426 2008.2 52118 97713 34281 377.79 4726.1 726.26 3647.2 431.45 9831.3 901.06 54.472 3.3917 16560 1357.9 
1.2-
1.5 
m
m 
  16561 17543 1671 56765 2653.3 1138.4 62246 16925 94.122 834.48 388.81 1905.7 271.09 5672.5 1354 6.8337 3.306 6881.6 529.5 
1.6-
2.0 
m
m 
  13535 9667.8 545.13 25528 2794.4 872.33 79160 18006 36.253 565.05 876.21 1910.7 79.357 2599.7 1384.5 3197.6 2.7752 802.43 533.48 
Pistil 
5.0-
10.0 
c
m 
*
1 
23183 31794 5131.9 34037 4964.6 562.21 161170 60123 44783 5795.1 534.4 3880.9 1510.3 10194 1312.6 12.905 4.77 2635.3 2173.6 
 c * 23760 38158 5305.7 27953 7152.5 272.27 172150 48805 56076 3840.8 695.53 4211.1 1173.4 7177.7 963.47 17.674 9.5323 4406.7 2099.4 
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Gene Name 
OsAGO1
a 
OsAGO1
b 
OsAGO1
c 
OsAGO1
d 
OsAGO2 OsAGO3 
OsAGO4
a 
OsAGO4
b 
OsAGO1
4 
OsMEL1 
OsAGO1
3 
OsAGO1
6 
SHL4 OsPNH1 
OsAGO1
7 
OsAGO1
2 
OsAGO1
1 
OsAGO1
8 
OSAGO1
5 
Gene Locus 
LOC_Os0
2g45070 
LOC_Os0
4g47870 
LOC_Os0
2g58490 
LOC_Os0
6g51310 
LOC_Os0
4g52540 
LOC_Os0
4g52550 
LOC_Os0
1g16870 
LOC_Os0
4g06770 
LOC_Os0
7g09020 
LOC_Os0
3g58600 
LOC_Os0
3g57560 
LOC_Os0
7g16224 
LOC_Os0
3g33650 
LOC_Os0
6g39640 
LOC_Os0
2g07310 
LOC_Os0
3g47820 
LOC_Os0
3g47830 
LOC_Os0
7g28850 
LOC_Os0
1g16850 
10-1
4 
m 1 
14-1
8 
c
m 
*
1 
23940 34994 4215.7 23906 7154.3 256.61 166330 44157 57101 4566.1 772.76 3808.9 1254.7 7694.5 916.19 15.278 4.746 5476.5 3014.9 
Lemma
, Palea 
Lemm
a 
1.5-
2.0 
m
m 
*
2 
6923.2 12736 2312 12242 948.04 38.327 21622 18429 31.391 3293.7 281.09 1748 203.86 5270.8 300.05 5.2229 5.0695 58.06 340.86 
Palea 
1.5-
2.0 
m
m 
*
2 
2817.7 4654.8 723.84 4633 304.64 14.16 8454 7331.2 27.884 493.02 117.21 638.97 53.825 1612.2 168.86 3.4629 2.4865 32.143 53.458 
Lemm
a 
4.0-
5.0 
m
m 
*
2 
14655 26210 2536.8 28762 1606.5 148.35 33269 18902 32.63 3004.7 338.93 1669.5 96.735 7241.2 382.65 8.3305 3.5938 211.51 451.8 
Palea 
4.0-
5.0 
m
m 
*
2 
11465 21207 2212.3 25831 1512.9 64.464 27616 14832 28.832 1247.9 233.75 1371.8 69.759 4111.6 453.88 8.1172 2.7438 215.41 261.79 
Lemm
a 
7 
m
m 
*
2 
13622 6349.1 536.25 22022 3342.3 287.7 17575 8573.6 138.84 942.73 390.46 999.31 26.978 2223.2 181.52 4.1372 3.2866 163.81 136.62 
Palea 7 
m
m 
*
2 
10931 4385.5 550.89 17388 2362.5 307.11 17738 7239.9 106.01 458.49 231.02 997.07 4.7527 1213.5 222.82 2.9741 2.2651 171.07 73.748 
Ovary   01 DAF 12996 16771 3804.7 6667.2 16267 5008.9 114240 31405 23971 2225.8 450.67 3469.6 439.68 4018.8 299.26 23.548 7.1586 14131 432.65 
    03 DAF 20102 19925 2315.3 7350.6 5551.7 1301.2 93970 27740 21809 348.86 495.08 2086.3 103.47 5281.6 268.79 149.6 5.6918 12292 1625 
    05 DAF 16433 9611.7 1131.4 3124.4 5795.1 697.87 58012 11916 10084 164.72 832.16 1025.2 23.362 1020.5 73.149 381.61 4.1278 3671.9 667.75 
    07 DAF 12179 5091.1 1548.5 1615.7 3425.9 629.19 46245 10121 4046.5 174.36 327.78 841.02 27.479 664.74 55.986 337.91 4.1249 975.75 499.71 
Embry
o 
  07 DAF 21375 25021 7901.2 990.98 3828.3 3333.6 79216 46200 11.743 277.17 855.53 2731.9 613.47 3413.4 112.24 5.8037 3.292 31.39 521.57 
    10 DAF 17451 23777 5112.1 1344.3 2078.8 4322.2 81030 53666 24.837 379.6 672.34 1861.7 437.28 4872.7 176.31 4.0339 3.9501 30.027 490.32 
    14 DAF 12269 19332 3851.7 1221.6 972.24 221.29 63720 32237 38.264 265.19 360.17 1555.8 302.59 5273.4 111.53 4.318 4.4253 24.45 311.72 
    28 DAF 8685.3 21309 1506.8 1638.8 1190.4 106.71 74967 35664 6.3108 121.02 359.38 3223.9 160.28 3275.7 96.731 4.1847 4.2052 275.37 461.37 
    42 DAF 6225.1 15538 1007.1 1304.4 962.68 126.19 58930 27751 5.4581 59.576 314.14 3258.6 125.07 2841.8 82.321 4.7776 4.8153 113.47 415.04 
Endosp
erm 
  07 DAF 3405.5 1358.1 555.96 379.61 1172 79.01 11874 2249.2 1531.1 40.947 105.77 213.01 5.1367 127.59 11.818 65.436 3.6189 289.91 41.772 
    10 DAF 3040 1257.7 297.17 248.28 990.06 50.344 7719.5 1851.7 1220.8 63.364 161.26 239.77 4.1237 157.54 5.513 56.383 2.7694 120.59 45.412 
    14 DAF 2165.2 749.12 123.09 280.59 854.93 62.431 4546.6 1144.8 450.39 127.98 167.28 204.32 5.0952 124.81 5.8529 42.966 3.4472 94.669 26.796 
    28 DAF 612.16 477.66 67.653 3.37 237.82 60.601 2450 573.8 2.8407 38.771 23.33 102.53 2.9971 78.727 2.9088 6.6942 2.0362 50.824 12.671 
    42 DAF 101 1284.2 127.43 9.8311 817.68 204.01 8359 2244.7 13.206 90.099 41.107 394.81 3.1925 211.79 3.3731 16.835 3.6983 123.72 62.178 
Data is from http://ricexpro.dna.affrc.go.jp/ 
DAF: Days after fertilization
Supplementary Table 4-1 Continued 
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